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Two styles of tungsten mineralisation have been identified at the 
Otjua prospect. Firstly, fine-grained scheelite mineralisation is 
hosted by calc-silicate hornfels rocks of the Khan and Oberwasser 
Formations. These hornfels represent metamorphosed marls and are 
developed in an alternating sequence of biotite schist and minor 
carbonate units. Secondly, scheelite and fluorite mineralisation is 
developed in replacement bodies in carbonate units, the most 
economically significant mineralisation being hosted by the Rossing 
Formation marble. Three types or facies of skarn assemblage which 
represent varying degrees of replacment of the Rossing Formation have 
been identified. The garnet facies of skarn hosts the majority of the 
tungsten mineralisation. 
The Otjua prospect is situated on the southern side of a major 
F3 domal structure that has been intruded by a late stage Damaran 
granite (the Otjua granite) and associated pegmatites. The granite is 
geochemically specialised and possesses anomalously high 818 0 and 
( 87 Sr/ BESr)r values of 15.1 and 0.7196 respectively. Whole rock, 
mineral chemistry and stable isotope studies show that the skarn-
hosted scheelite mineralisation has been derived from the Otjua 
granite. The skarn facies development and variations in mineral 
chemistry within the skarn system are similar to those present in 
skarns in the North American cordillera, though the absence of 
accompanying molybdenum, sulphide mineralisation and hydrous silicate 
assemblages make the deposit unusual. 
The tungsten mineralisation hosted by the hornfels is considered to 
result from syn-sedimentary concentrations of the metal in the marls. 
It is postulated that the tungsten was derived from a deep-seated 
fracture such as the Omaruru lineament in Nosib and Lower Swakop 
times. This study suggests that geochemically specialised granites 
such as the Otjua granite were produced as the result of large scale 
anatexis of scheelite-rich metasediments during the final stages of 
the Damaran orogeny. A striking similarity between the distribution 
and development of granite-related uranium and tungsten mineralisation 
in central SWA/Namibia is noted. 
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The word "skarn" comes from Sweden, where it was originally used as a 
term of abuse and was subsequently adopted by miners to refer to calc-
silicate gangue associated with iron ore (Geijer and Magnusson, 1952). 
More recently skarn has been used to describe calc-silicate rocks 
derived by a number of different processes as listed below (after 
Einaudi et al., 1981). 
1) Metamorphic recrystallisation of a marl or shaly limestone, i.e. 
essentially isochemical metamorphism, resulting in the formation 
of a calc-silicate hornfels. 
2) Local exchange of components by diffusion processes (usually over 
distances of less than a few tens of centimetres) between two 
dissimilar lithologies e.g. a marble and a shale during high 
grade metamorphism, resulting in the formation of a "reaction 
skarn" (Magnusson, 1960) or a "bimetasomatic diffusion skarn" 
( Korzhinskii, 1964, 1965) or "calc-silicate bands" ( Vi dale, 
1969). 
3) Local exchange of components at high temperatures between magmas 
and carbonate rocks referred to as "skarns of the magmatic stage" 
(Pertsev, 1974). 
4) Large scale introduction of exotic material by a hydrothermal 
fluid, presumed to be of magmatic origin, into carbonate rocks, 
i.e. metasomatic replacement. These skarns are formed by 
"infiltrational metasomat ism" ( Korzhinskii, 1936, 1965, 1966). 
In this thesis the use of the word skarn (sensu stricto) is confined 
to those rocks produced by metasomatic replacement of a carbonate 
unit, unless specifically stated. 
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1. INTRODUCTION 
Scheelite mineralisation was first discovered on the farm Otjua 37, 
Omaruru district, central SWA/Namibia by B. and o. Mineral Exploration 
Company Pty. Ltd. during a regional stream sediment sampling programme 
(see Fig. 1). More detailed soil and drainage sampling, as well as 
u.v. traverse work conducted at night, helped to delineate several 
areas of tungsten mineralisation, including the Otjua prospect, the 
object of this study (see Maps 1 and 2). Intensive exploration at the 
Otjua prospect started in 1981 and in the following year the B. and 
o./Rossing Uranium Joint Venture (Joint Venture) was formed to 
evaluate the prospect. Extensive percussion drilling, conducted in 
several phases, was followed by the drilling of twenty-nine diamond 
boreholes in conjunction with geophysical surveys. The author of this 
thesis was involved in exploration in 
1983 until January 1985 with specific 
prospect from March 1983 onwards. 
the Omaruru area from January 
responsibility for the Otjua 
During the exploration programme, it readily became apparent that 
there are two different styles of scheelite mineralisation at the 
Otjua prospect. Firstly, there is fine to coarse grained scheelite 
(up to three centimetres diameter) mineralisation hosted by a 
characteristic coarse grained, inequigranular calc-silicate gangue 
comprised of scapolite, pyroxene and garnet or idocrase that appear to 
replace, or are at least hosted by carbonate units. These silicate 
assemblages are referred to as replacement (or metasomatic) skarns. 
The second style of mineralisation consists of fine grained scheelite 
(usually<lmm in diameter) hosted by fine grained, equigranular quartz 
+ plagioclase + scapolite + diopside calc-silicate rocks that are 




during the exploration programme as calc-silicate skarns 
skarns, but in this thesis, to avoid confusion with the 
gangue of the skarn proper, are referred to as 
scheelite-bearing hornfels. 
These two types of mineralisation would probably be exploited in a 
different manner. The discontinuous, though volumetrically abundant 
nature of the scheelite mineralisation in the hornfels indicates that 
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it may be considered as a low grade - large tonnage resource. The 
skarn, possessing more evenly distributed tungsten within smaller 
orebodies is a high grade - low tonnage resource. However, it was 
felt that a better understanding of the relationship, if any, between 
the two styles of mineralisation and the enclosing metasediments and 
associated intrusives would facilitate further exploration both 
locally and regionally. Thus the aims of this thesis arose directly 
from problems encountered during the exploration programme and are 
summarised below: 
1) to document the two styles of mineralisation, the enclosing 
metasediments and the associated intrusives 
2) to establish whether a genetic link exists between the two styles 
of mineralisation 
3) to establish whether the mineralisation at the Otjua prospect is 
related to the pegmatitic intrusives or to the granitic 
intrusions in the vicinity 
4) to try and determine controls on mineralisation deposition i.e. 
petrogenetic processes of ore genesis 
It was decided that these aims would be best achieved by an integrated 
study of the field relations and petrography of the lithologies 
concerned, whole rock geochemistry, mineral chemistry studies and 
stable isotope work. 
The ot:ua prospect was chosen for study for several other pertinent 
reasons. Firstly, very few skarns of economic interest in southern 
Africa have been described in the literature; indeed Einaudi et al. 
(1981), in their extensive review of skarn deposits, only mention one 
skarn example from the entire African continent. Secondly, the 
majority of replacement skarn deposits are of Phanerozoic (especially 
Mesozoic) age and thus the presence of a tungsten skarn in Precambrian 
rocks is of particular interest. Thirdly, several authors have 
described significant scheelite mineralisation within a variety of 
Precambrian rocks other than replacement skarns and the scheelite-
bearing hornfels at the ot:ua prospect appeared to be another example 
of an unusual style of tungsten mineralisation. Fourthly, tungsten is 
one of the few economic elements not found in abundance in southern 
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Africa and since skarns are the world's ma~or sources of tungsten 
(Einaudi et al., 1981) an assessment of the Ot~ua prospect is of 
considerable economic and strategic significance. Finally, the 
diamond drilling programme has ensured the availability of unweathered 
rock samples and an unusually good opportunity to obtain a three-
dimensional view of a tungsten prospect. 
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2. A REVIEW OF TL~GSTEN SKARNS 
Skarns are the world's major source of tungsten (Einaudi et al., 1981) 
and the largest and best documented tungsten bearing skarns in the 
world are Pine Creek, California, U.S.A. (Newberry, 1982); Mactung, 
North West Territories, Canada (Dick and Hodgson, 1982); Cantung, 
North West Territories, Canada (Mathieson and Clark, 1984); King 
Island, Australia (Edwards et al., 1956; Kwak, 1978) and Sandong, 
Korea (Farrar et al., 1978). 
There is a marked clustering of tungsten-bearing skarns in the 
continental margin orogenic belts of the Circum Pacific region 
(Einaudi and Burt, 1982). The ma~ority of the world's tungsten skarns 
are associated with subduction-related, calc-alkali plutons of 
granodiorite and quartz monzonite composition. Because most of these 
mid-Palaeozoic to late Cretaceous age, I-type intrusions are emplaced 
at relatively great depths in the earth's crust, they exhibit few 
signs of forceful emplacement into country rocks and possess very 
little l~w temperature alteration. These coarse grained plutons are, 
however, intimately associated with aplitic and pegmatitic dykes 
(Kerr, 1946) and the presence of abundant quartz-feldspar mynnekite 
in these intrusives is very common (Bateman, 1945; Dick, 1976; 
Newberry, 1982). 
The ma~ority of tungsten skarns are hosted by relatively thin 
carbonate horizons within intercalated pelite-carbonate, hornfels-
carbonate or volcanic-carbonate sequences of late Precambrian to 
Triassic age. Skarns may be produced by: 1) the contact metamorphic 
effects of the intrusive e.g. formation of calc-silicate minerals in 
marbles and marls; 2) heat induced diffusion of elements between 
unlike lithologies i.e. bimetasomatic diffusion; 3) purely 
metasomatic processes i.e. where a hydrothennal fluid derived from an 
intrusive replaces carbonate and/or hornfels. Indeed, metasomatic 
events often overprint earlier metamorphic events. Although all types 
of skarn may host scheelite mineralisation, ore grade mineralisation 
is normally restricted to metasomatised marble. Tungsten skarns 
formed by purely metasomatic processes are usually developed in the 
lowest carbonate bed of a stratigraphic sequence. Skarns formed from 
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impure or dolomitic marble tend to be coarse grained, vuggy and 
possess erratic distributions of scheelite in comparison to those 
formed from calcitic marble, which are medium grained, compact and 
have more even distributions of tungsten (Newberry, 1979a). 
A characteristic feature of tungsten replacement skarns is a marked 
zonation of the silicate gangue assemblages. across-deposit 
Peripheral zones or facies of skarn in metasomatised marble distal to 
the intrusive are dominated by idocrase and wollastonite, while zones 
closer to the intrusive contain garnet and pyroxene (Dick, 1976; 
Nokleberg, 1981 and Newberry, 1982). These anhydrous silicate 
assemblages are invariably crosscut, replaced or overprinted by zones 
of hydrous silicates dominated by biotite and hornblende closer to the 
intrusive contact (Dick and Hodgson, 1982; Mathieson and Clark, 
1984). Zoning of mineral composition across a deposit and within 
mineral grains 1s extremely common (~ockleberg, 1931; Kwak & Tan, 1981; 
Dick and Hodgson, 1982) and disequilibrium mineral assemblages in 
metasomatic skarns are widespread as a result. 
Scheelite distribution in the anhydrous silicate facies is normally 
uniform in marked contrast to the hydrous silicate facies where it is 
erratic, but locally very high grade (Krauskopf, 1953; Bateman, 1956; 
Dick, 1980). Scheelite commonly has 
and powellite 
a considerable 
(CaM04) content, scheelite 






1982) but sulphides, notably molybdenite, chalcopyrite, sphalerite, 
pyrite and pyrrhotite are commonly associated with the hydrous facies 
of skarn, frequently in economic quantities. 
Fluid inclusion studies indicate that tungsten-bearing skarns that are 
unequivocally replacement bodies after a relatively pure carbonate 
unit are formed by a hydrothermal, saline fluid ascending from a hot 
crystallising magma (Kerrick, 1977; Kwak, 1978). Temperatures of 
formation of anhydrous skarn silicate assemblages are in the range 
500° to 600°C, while figures of 300° to 450°C are recorded for 
hydrous assemblages (Zaw, 1976; Farrar et al., 1978; Tan and Kwak, 
1979). Stable isotope studies on calcites from marble and skarn in 
the Osgood Mountains (Taylor, 1976) and at Pine Creek (Brown et al., 
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1985) show mixing trends between fluids in equilibrium with a magmatic 
source and unaltered marble. 
However, in recent years there has been considerable dispute as to the 
origin of the hydrous silicate assemblages. For example, at Cantung, 
the initial interpretations proposed that the amphibole and biotite 
dominated skarns were formed as the result of retrograde alteration of 
the anhydrous garnet-pyroxene and pyroxene facies by meteoric waters 
(Zaw and Clark, 1977 and 1978). Einaudi et al. (1981) and Newberry 
and Einaudi (1981) broadly favoured this interpretation for skarns in 
the North American cordillera. In contrast, Dick and Hodgson (1982) 
in their regional study of tungsten skarns in 
concluded that the anhydrous and hydrous skarn 
north-west Canada 
facies developed 
simultaneously from a magmatically derived fluid and that the zonation 
reflected progressively decreasing fluid/rock ratios (and thus 
decreasing intensity of metasomatism) away from the main fluid 
pathway, (i.e. outwards from the granite), a conclusion supported by 
Mathieson and Clark (1984). 
A classification 
Newberry (1979b) 
scheme for tungsten skarns has been 
based on the degree of oxidation of 
proposed by 
the skarn. 
"Reduced skarns" such as Cantung and Mactung have silicate assemblages 
dominated by ferrous iron including hedenbergitic pyroxene, almandine-
grossular garnet, hornblende and biotite. These skarns are formed in 
carbonaceous host rocks or at great depth. In contrast, the 
"oxidised" skarns, e.g. King Island, contain abundant ferric iron 
assemblages dominated by epidote and andraditic garnet and are formed 
in noncarbonaceous or haematitic host rocks or at shallow depths. A 
broad continuum of skarn types exists between these two end members, 
but due to the diversity and complexity of processes involved in skarn 
formation, the classification scheme appears to be of limited use. 
Tungsten skarns have a generally stratiform geometry, but their 
complexity and heterogeneity are notorious. The diversity of silicate 
assemblages, variety of ore minerals and the limited structural 
control on ore deposition and hence patchy distribution of 
mineralisation present 
exploration and mining. 
numerous problems in 
Although skarns are 
research, sampling, 
the world's primary 
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source of tungsten, few deposits exceed 10 million tonnes, the vast 
majority of orebodies being several orders of magnitude smaller. 
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3. TLNGSTEN MINERALISATION HOSTED BY ROCKS OTHER THAN SKARN 
The aim of this section is to draw the reader's attention to the fact 
that, although the ma~ority of tungsten orebodies and mines are 
restricted to replacement skarns and cassiterite-wolframite greisen 
deposits, there are considerable tonnages of tungsten present in a 
wide variety of Precambrian and Palaeozoic environments.The tungsten 
(usually scheelite) mineralisation within these mainly stratabound 
deposits is considered to result from syn-sedimentary or syn-
diagenetic concentrations of the metal. Although in the majority of 
examples geochemical work, especially stable isotope studies, is 
lacking, the geological evidence strongly suggests that, to explain 
the tungsten mineralisation, recourse must be made to explanations 
other than epigenetic theories involving felsic intrusions.This has 
particular relevance to the Ot~ua prospect where granites are not 
exposed in the immediate vicinity of the tungsten mineralisation. 
Only a few examples of stratabound tungsten mineralisation are cited 
below: 
a) Scheelite in Greenstone Belt Terrain 
Stratabound tungsten mineralisation associated with submarine 
metavolcanics is found within the greenstone belts of Zimbabwe 
(Cunningham et al., 1973). The lower portion of the Bulawayan (2900 
Ma) consists of ultramafic, basaltic and acidic lavas, lavas, tuffs 
and minor sediments that have been metamorphosed in the greenschist or 
amphibolite facies. Scheelite mineralisation is present at a number 
of localities: in skarns (sensu lato) accompanied by minor sulphide 
mineralisation in the Fort Victoria schist belt; associated with Cu-
Au-Ag mineralisation hosted by metavolcanics, cherts and banded iron 
formation ores in the Uvuma schist belt; and within garnet-
vesuvianite-epidote rocks hosted by ultramafic metavolcanic schists 
and in close proximity to Au-Ag-Sb-As mineralisation in the Umtali-
Odzi schist belt. Cunningham et al. (1973) consider the scheelite 
mineralisation to be stratabound in all these cases and to be related 
to submarine volcanism. 
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b) Scheelite Hosted by Proterozoic Metasediments in Areas of Unusual 
Base Metal Concentrations 
Scheelite mineralisation has been documented in close proximity to a 
number of the large Early-Middle Proterozoic stratabound Pb-Zn 
orebodies. At the Gamsberg Zn-Pb deposit in ~amaqualand, South 
Africa, scheelite occurs as irregular aggregates within calc-silicate 
carbonates of the A3 bed in the Garns Formation (Rozendaal and Stumpfl, 
1984). This bed, which lies in the immediate footwall of the sulphide 
ore zones, is an impersistent, finely banded horizon with gradational 
contacts into the underlying and overlying units. The A3 bed has a 
mineralogy dominated by ferroan calcite, manganoan calcite, 
rhodochrosite, K-feldspar 
actinolite. Scheelite is 
and quartz 
present as 
with minor diopside and 
aggregates interstitial to the 
silicates. The Garns Formation, which hosts the mineralisation, has 
undergone amphibolite facies metamorphism and has an extremely 
diverse, disequilibrium assemblage of silicates, oxides and sulphide 
minerals. This assemblage resulted from the metamorphism of unusual 
precursors produced as a result of interaction between chemical and 
sedimentological processes. These processes operated in a marine 
hydrothermal spring environment - similar to those operating during 
Red Sea-type incipient rifting (Rozendaal and Stumpfl, 1984). 
In the Broken Hill Block, New South Wales, Australia, Barnes (1980, 
1983) has described three types of stratiform tungsten occurrence, all 
developed in close proximity to, and at the same stratigraphic level 
as, the stratiform Pb-Ag-Zn mineralisation. The Broken Hill Block is 
composed of metasediments and minor amphibolites that have undergone 
upper amphibolite-granulite facies metamorphism. The majority of the 
base metal mineralisation is hosted by Suite 4 (Mine Sequence Suite), 
which is comprised of sulphide mineralisation, banded iron formation, 
magnetite-garnet-quartz-apatite rocks, amphibolites and quartz-
feldspar-biotite-garnet gneiss. Tungsten mineralisation occurs 
within Suite 4 as: 1) scheelite disseminations and aggregates in 
finely bedded calc-silicate rocks; 2) scheelite disseminations in 
more massive calc-silicates associated with amphibolite and also 
within amphibolite (Corruga-type) and 3) in the Yanco Glen area as 




pegmatites and as disseminations in 
The calc-silicate and Corruga-type 
deposits are interpreted as chemical sediments formed from base-metal 
enriched fluids. The origin of the mineralisation at Yanco Glen is 
somewhat more complex, but is interpreted as being of an originally 
stratiform nature that has undergone remobilisation. It is concluded 
by Barnes (1983) that the primary concentrations of all metals result 
from the introduction of base metals from hot springs into an area of 
quiet sedimentation dominated by chemical sediments. 
c) Scheelite Hosted by Regional Skarns Derived by Metamorphic 
Processes 
Scheelite deposits have been described from late Precambrian (580-620 
Ma) rocks from the San Luis and Cordoba provinces of Argentina 
(Brodtkorb and Brodtkorb, 1977). The metasedimentary sequence of 
quartz-oligoclase-biotite schists, marbles and both ortho- and para-
amphibolites has undergone amphibolite facies metamorphism (Clayton, 
1971) and been intruded by several post-metamorphic granites. 
Scheelite mineralisation is hosted both by the schists and various 
"tactised rocks" within the carbonate units. These tactites comprise 
calcite, epidote, actinolite, phlogopite, garnet, scheelite and 
sulphides. Reconcentration of scheelite into cross-cutting quartz 
veins and pegmatites occurred during regional metamorphism. The lack 
of intrusive bodies in the immediate vicinity of the tactites as well 
as the extensive mineralisation in lithologies other than tactite has 
led Brodtkorb and Brodtkorb (1977) to propose a regional metamorphic, 
not a metasomatic, origin for the tactites and, moreover, they suggest 
submarine volcanic rocks to have acted as the source of the tungsten. 
Skaarup (1974) has described scheelite mineralisation hosted by 
Caledonian hornblende-diorite gneisses and skarns (sensu lato) that 
have undergone amphibolite facies metamorphism in the Bindal area of 
northern Norway. Scheelite occurs in skarn developed within marble 
layers at the contact between the calcareous lithology and the 
enclosing hornblende-biotite gneiss. The skarn assemblages are 
dominated by garnet, pyroxene, actinolite, tremolite and various Cu, 
Fe and Mo sulphides as well as scheelite and are best developed in 
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regions where the enclosing hornblende-biotite gneiss contain 
substantial disseminated sulphide mineralisation. Although the area 
has been extensively intruded by diorite sheets, granites, syenites 
and monzonites, Skaarup concludes that skarn formation is unrelated to 
felsic igneous activity and formed by the exchange of material between 
marble and schist during regional metamorphism, i.e. they are reaction 
skarns (Eskola, 1939). Moreover, Skaarup suggests that the scheelite 
has formed from tungsten concentrated in the volcanic precursor of the 
hornblende-biotite gneiss in a marine exhalative environment. 
d) Scheelite Hosted by Cale-Silicate Rocks. 
Beran et al. (1985) have described stratabound scheelite ----
mineralisation hosted by calc-silicate hornfels in the Bohemian Massif 
of Austria. The fels are part of a metasedimentary sequence of 
marble, calc-silicates, amphibolites and sillimanite and graphite-
bearing paragneisses of the Bunte Series, though, there is some 
dispute as to the age of these rocks; a late Archean to early 
Proterozoic age is favoured by Svoboda (1966) and Chalowpsky (1978), 
while Waldman (1951) and Thiele (1984) indicate a Silurian age. These 
metasediments that have undergone upper amphibolite facies 
interpreted as having originally been marine metamorphism are 
sediments with basic lava intercalations. The scheelite 
mineralisation is hosted by "dark calc-s ilicate" rocks, whose major 
constituents are ferrosalite pyroxene, meionitic scapolite and quartz. 
Accessory minerals include plagioclase, zoisite-clinozoisite, calcite, 
amphibole, sphene, apatite, scheelite and pyrrhotite with very minor 
pyrite and chalcopyrite. Whole rock analyses of calc-silicate 
indicate tungsten concentrations in the range 40 to 5000 ppm. The 
fact that no felsic intrusives are developed in the immediate area 
of scheelite mineralisation, the absence of skarn mineral assemblage 
and the lack of evidence for metasomatic replacement led Beran et al. 
(1985) to propose the presence of stratiform tungsten concentrations 
in the "dark calc-silicate" precursor, though a source for the metal 
was not specified. 
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e) Scheelite Hosted by Palaeozoic Volcanics 
A large number of scheelite occurrences associated with tholeiitic, 
mafic and calc-alkaline metavolcanics are located within the Early 
Palaeozoic Habaschserie in Austria (Holl, 1977). At the Felbertal 
deposit, scheelite occurs in fine grained, conformable quartz lenses 
that are interpreted as metamorphosed exhalative cherts. Cross-
cutting quartz-scheelite zones, which 
are interpreted as fluid conduits. 
underly the stratiform bodies, 
The highest grade scheelite 
mineralisation is accompanied by significant increases in the Mo, Cu, 
Bi, Au, Ag and Sn contents of the metamorphosed chert. The exhalative 
activity that formed the cherts is considered by Holl (1977) to be 
related to submarine mafic volcanism. 
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4. GEOLOGY OF THE OTJUA PROSPECT 
4a Location of the Otjua Prospect 
The Ot:ua prospect is located at 21°11'15"S, 16°00'25"E thirty 
kilometres north of the town of Omaruru, SWA/Namibia, 2.5 kilometres 
west of the Omaruru-Kalkfeld tar road and is easily accessible by farm 
tracks (see Fig.land Map 1). The prospect is situated at the eastern 
end of the twenty kilometre long Ot:ua Ridge, which comprises a series 
of low hills underlain by metasediments surrounded by plains of 
granite (see Photo 1). Geological exposure on the ridge is fairly 
good. The prospect is at an elevation of 1500 metres AMSL, 80 metres 
above the surrounding plain. Climatically, the area is semi-desert 
with high summer temperatures, often in excess of 35°C, and low annual 
rainfall. Night-time winter temperatures are seldom below 0°C. Grass 
and thorn bush form the sparse vegetation of the area. 
4b Regional Setting of the Ot:ua Prospect 
Central SWA/Namibia is almost entirely underlain by metasediments of 
the late Proterozoic Damaran sequence and rocks associated with the 
Pan-African Damaran orogeny. The Damara Orogen has been divided into 
several tectonostratigraphic zones which have undergone varying 
degrees of metamorphism and styles of pre-, syn- and post-tectonic 
plutonic intrusion (see Fig. 2). The Ot:ua prospect is situated in 
the Central Zone of the Damara Orogen, which is characterised by 
sillimanite-cordierite metamorphic assemblages, widespread granite 
intrusions and north-easterly trending f3 domal structures. The 
Central Zone is subdivided into two portions by the Omaruru Lineament-
Waterberg Fault, The Omaruru Lineament is "a fundamental line of 
crustal weakness" (Corner, 1981, p.56), which has been active during 
Damara and Karoo times and the Ot:ua prospect lies six kilometres to 
the north-west of this ma:or fault zone. 
Deposition of Damara sediments in the northern portion of the Central 
Zone occurred between 750 Ma and 650 Ma (Miller, 1983a). Feldspathic 
quartzites and arkoses of the basal Nosib Group were overlain by 
calcareous quartzites and marls of the Khan Formation (see Fig. 3). 
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The overlying Swakop Group sediments, from the base upwards, comprise 
carbonate units of the Rossing Formation, argillaceous rocks and marls 
of the Oberwasser Formation, the thick carbonate development of the 
Karibib Formation and argillites of the Kuiseb Formation. 
These Damaran sediments were subsequently deformed during the Damaran 
Orogeny. In the northern Central Zone, the sediments underwent three 
phases of plastic deformation and regional metamorphism of amphibolite 
facies grade. The first folding phase, F1 occurred in the region 
570-560 Ma, while F2, the recumbent phase, occurred between 530 Ma and 
510Ma, coinciding with the metamorphic peak at about 520 Ma (Haack et 
al., 1980, see Fig. 4). F 3, which resulted in the formation of the 
broad, north-easterly trending, domal structures took place at 490-460 
Ma (see Fig. 4). 
The ma~ority of igneous intrusives in the northern Central Zone are 
granitic in composition and are younger than 550 Ma (Haack et al., 
1983). Minor igneous activity did occur prior to this time, but the 
intrusions are dioritic or syenetic in composition. The granites of 
the northern Central Zone, as elsewhere in the Damaran Orogen, are 
noticeably restricted to specific stratigraphic levels (Klein, 
1980; Watson, 1982; Corner, 1983). Both syn-F2 and syn-F3 Salem-
type granites with characteristic porphyritic K-feldspar are confined 
to the Kuiseb Formation, as are the syn-F 2 garnetiferous 
leucogranites. Late tectonic (490-460 Ma) leucogranites tend to 
intrude pre-Karibib formations, but there are some noticeable 
exceptions. In the light of petrogenetic investigations (Winkler, 
1983) radiogenic and stable isotope data (Haack et al., 1983) the 
ma~ority of granitic intrusions in the northern Central Zone are 
considered to have been produced during the widespread anatexis of 
Damaran metasediments that accompanied the Damaran orogen. 
Post-Damaran activity in the northern Central Zone included subsequent 
movement on the Omaruru Lineament-Waterberg Fault and the intrusion of 
a considerable number of Karoo dykes. 
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4c District Setting of the Ot:ua Prospect 
The Otjua prospect is situated on the southern side of a ma:or 
anticlinal (possibly domal) structure in the northern Central Zone of 
the Damaran Orogen (see Fig. 2 
Schonfeld dome. Metasediments 
Karibib Formations comprise this 
variety of felsic intrusives. 
i)Metasediments: 
and Map 1) hereafter called the 
of the Khan, Rossing, Oberwasser and 
dome and have been intruded by a 
The Khan and Oberwasser Formations are represented by a rapidly 
alternating sequence of quartz-biotite schists, calc-silicate rocks, 
scheelite-bearing hornfels and minor carbonate units. The proportion 
of the more carbonaceous units increases towards the contact with the 
Rossing Formation i.e. the top of the Khan Formation and the base of 
the Oberwasser Formation. Facies changes, both along and across 
strike are a feature of these two Formations. The schist is 
interpreted as representing metamorphosed muds, the calc-silicate 
rocks as marls and the marble as limestone. The fine intercalation of 
rocks composed of detrital material and chemical precipitates suggest 
that the sediments were formed in a quiet, marine(?) environment. 
Skarnification of the minor carbonate horizons has occurred locally, 
especially in the Khan Formation. 
The Rossing Formation is represented by a single, very pure, 
continuous marble unit, varying in thickness from 0.7 to 6 metres, 
that is traceable for 22 kilometres on the southern side of the dome 
(see Map 1), This calcareous unit is a prominent marker horizon and 
probably marks a ma2or unconformity between the underlying Khan and 
overlying Oberwasser Formations. The marble is interpreted to be a 
metamorphosed marine limestone. Replacement skarns within the Rossing 
Formation are developed at four localities within the domal structure: 
T~irundo, Schonfeld, Roidina and Ot:ua (see Map 1), The latter hosts 
economic tungsten mineralisation. Skarnification appears to have 
occurred only where granite is proximal to the marble, though in none 
of the four examples is the contact between granite and marble 
exposed. Furthermore, at the T~irundo, Schonfeld and Otjua 
16 
replacement skarns, pegmatite bodies, apparently derived from the 
granite, have extensively disrupted the stratigraphy. 
The Karibib Formation is divided into three members: successively the 
Harmonie Member, composed of quartz-biotite schist, calc-silicates and 
minor marble, the Ot~ongeama Member with numerous calc-silicate and 
marble intercalations and the Arises Member, a distinctive coarse 
grained graphite-bearing, calcitic marble. The thickness of the 
Karibib Formation varies considerably, though this is thought to be 
for tectonic rather than sedimentological reasons. 
i i ) :le t amo r p h i s m : 
The granoblastic texture in the schists and calc-silicates of the Khan 
and Oberwasser Formations, the preferred orientation of biotite, 
amphibole and pyroxene and the presence of poikiloblastic pyroxene in 
the calc-silicates are all indicative of the sequence having undergone 
at least amphibolite facies metamorphism. The mineral assemblages 
appear to be in equilibrium and there is no evidence of more than one 
phase of metamorphism, though there may have been more than one stage 
of biotite growth. Garnet is notably absent in both biotite schist 
and calc-silicate rocks. 
Regional mapping of the farms immediately surrounding the ot:ua 
prospect by Kuyper (1984) indicated the presence of andalusite on the 
farm Tjirundo 91 in schists of the Oberwasser Formation. Sillimanite 
has not been identified in the immediate area surrounding the ot:ua 
prospect, but is present on the farm Kassandara 40, 10 kilometres to 
the south-east (Thatcher, 1985). There is no evidence for in situ 
anatectic melting of the metasediments e.g. gneissose texture at the 
ot:ua prospect and thus upper amphibolite conditions were probably not 
attained. These observations are consistent with the investigation 
into regional metamorphism in the Damaran conducted by Hoffer (1977): 
the andalusite-sillimanite isoreactiongrad passes almost exactly 
through the Ot:ua prospect (see Fig. 5), 
Peak metamorphic temperatures were therefore in the range 500°C to 
680°C (see Fig. 6). The lack of garnet in the calc-silicates at the 
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Ot:ua prospect indicates a peak metamorphic pressure of less than 4.8 
kb since the reaction An+ Cc+ Qtz = Gt+ CO 2 occurs above the 
andalusite stability field at higher pressures, 
Although the contact between 
is not exposed, contact 
the Ot~ua granite and the metasediments 
metamorphic effects are likely to be 
insignificant or masked because, even at the time of crystallisation 
of the Ot~ua granite (478 + 4 Ma), the metasediments of the Central 
Zone were still at a temperature of >300°C (Haack, 1983). Indeed no 
contact metamorphic (as distinct from metasomatic) effects have been 
noted in the vicinity of the Ot~ua prospect either associated with the 
Ot~ua granite or the pegmatites. 
iii)Structure: 
The metasedimentary sequence at the Otjua prospect strikes 103° and is 
overturned, dipping 75°-85° northwards (see Maps 1 and 2), Bedding is 
preserved in the Rossing Formation marble where graphite-rich zones 
are common and some of the calc-silicates are laminated on a fine 
scale, but way-up structures are inconclusive. Bedding is not 
preserved in the schist. There is therefore no proof in the immediate 
vicinity of the prospect that the metasedimentary sequence at Otjua 
youngs southward. Previous work conducted by the Geological Survey 
indicated the Schonfeld dome to be a basin (see present Geological 
Survey 1 : 1,000,000 map of SWA/Namibia, 1980). This 1s now known 
to be incorrect (Miller and Badenhorst, pers. comm.). 
The quartz-biotite schist and calc-silicates of the Khan and 
Oberwasser Formations possess a well developed foliation, which is 
parallel to lithological contacts. This foliation is caused by the 
elongation and preferred orientation of minerals e.g. biotite and 
amphibole. No secondary foliation has been identified. Although the 
bedding-parallel foliation was almost certainly formed during F 1 and 
the metasedimentary sequence probably overturned during F2 and 
slightly modified during F3 to form the major domal structure, there 
is little direct evidence in the immediate vicinity of the Ot~ua 
prospect for three phases of ductile deformation. The calc-silicates 
and scheelite-bearing hornfels possess a prominent lineation that 
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plunges 68°-75° on a bearing 063° (See Map 2 and Fig. 7). This 
lineation is approximately parallel to minor, tight z-folds (see Map 
2) . 
Approximately one kilometre east of the Otjua prospect, calc-silicates 
exhibit unusual, steeply eastward plunging, tube-like structures about 
ten centimetres in diameter and up to several metres long. These have 
been tentatively interpreted as boudins. The calc-silicate outcrops 
themselves pinch and swell over distances of 100 metres, in places 
being up to twenty metres thick and disappearing along strike. This 
variation is thought to be tectonic rather than sedimentological in 
origin. There is widespread evidence for boudinage of thin calc-
silicate horizons within the more incompetent calcareous units of the 
Karibib Formation marbles in the western nose of the Schonfeld dome on 
the farm Etendero 85 (see Map 1). 
The Otjua prospect has been disrupted by several faults that have 
limited surface expression, but have been intersected in drill core 
and detected by a "Turam" Electromagnetic Survey (Pferdekampfer, 
1984). The faults can be grouped into two areas, the 16 West Fault 
Zone, oriented approximately 013° and the 29 West Fault Zone 020° (see 
Map 2). All faulting appears to be in the same sense i.e. minor 
sinistral horizontal displacements (1-20 metres) with considerable 
vertical downthrows to the west (see discussion on skarn and ore 
distribution). 
iv)Intrusives: 
The Schonfeld dome has been intruded by two types of granite. The 
Otjua granite has intruded the core of the Schonfeld dome, though the 
contact between the intrusive and the metasediments is obscured by 
scree. This granite has been dated by Haack (pers. comm.) and is 
referred to, by him, as the "leucocratic granite, 31 kilometres north 




an Rb-Sr age of 478 + 4 Ma, an initial ( 'Sr/ 0 Sr) 1 value 
and a high 618 0 value of 15.l~. The closest exposure of the 
Otjua granite to the replacement skarn developed in the Rossing 
Formation marble at the Otjua prospect is 600 metres away. A similar 
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type of granite to the Otjua granite intrudes Lower Karibib Formation 
marbles on the farm Epako 38. 
The second type of granite, a fine grained variety, is intrusive into 
Khan, Rossing and Oberwasser Formation metasediments and the closest 






the Otjua prospect is 
( see Map 1). The fine 
grained variety has not been dated and the relationship between it and 
the Otjua leucogranite is unknown, but the two granites are thought to 
be cogenetic. 
Of particular note is the fact that in the north-east corner of the 
farm Tjirundo 91 and the south-east corner of Schonfeld 92 (see Map 1) 
the fine grained granite is confined to a series of crosscutting dykes 
oriented 113° that transect the Khan, Rossing and Oberwasser 
Formations. In these dykes the fine grained granite exhibits a well 
developed foliation and most of the felsic minerals are fractured and 
show signs of having been strained. This locally developed foliation 
(the granite bodies to the north-west and south-east are unfoliated) 
is a result of post-crystallisation deformation and is possibly 
related to movement on the Omaruru Fault Zone (see discussion in 
chapter 8). 
A particularly prominent feature of the core of the Schonfeld dome is 
the presence of a large amount of quartz-feldspar pegmatite (see Map 
1). There are a considerable number of xenoliths of Khan Formation 
metasediments within these pegmatites, which was referred to as "Mixed 
Suite" during regional mapping (Kuyper, 1984). Quartz-feldspar-
tourmaline pegmatites have extensively intruded the metasediments 
exposed on the Ot jua Ridge in a passive or "lit par lit" manner. 
However, crosscutting pegmatites with a remarkably constant 
orientation of 113° are intimately associated with three areas on the 
Otjua Ridge where replacement bodies are developed within the 
calcareous units. Moreover, crosscutting pegmatites are virtually 
absent from those portions of the stratigraphy that are not skarned 
and the crosscutting pegmatites are confined (as are the skarns) to 
two areas where the metasediments strike between 090° and 105° (see 
Map 1). These points suggest that there is a strong structural 
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control on crosscutting pegmatite intrusion (and possibly skarn 
formation). 
4d Detailed Geology and Petrography of the Ot~ua Prospect 
i) Metasediments of the Khan and Oberwasser Formations: 
1) Quartz-Biotite Schist 
This schist comprises 60-70% of the metasediments within the vicinity 
of the Ot:ua prospect but is poorly exposed, due to weathering. It 
has a strong foliation which is parallel to bedding in the associated 
marble and calc-silicate horizons. In hand specimen the schist is 
brown grey and has a fine to medium grained (< 2mm) equigranular 
texture. Disseminated pyrite and chalcopyrite occur but are rare and 
sulphide stringers up to 2mm thick are locally developed. 
In thin section the schist comprises biotite (15-40%), quartz and 
plagioclase feldspar (60-80%), clinopyroxene (2-3%) and minor apatite, 
chlorite, carbonate and sulphides. A granoblastic texture is present, 
but due to the small grain size (<150µ) of the mosaic of quartz and 
feldspar, it is difficult to estimate the proportion and composition 
of the feldspar since much of it is untwinned. However, the presence 
of clay minerals indicates that a considerable amount of feldspar is 
present. Biotite flakes (up to 1mm long) have a preferred orientation 
and the pyroxene exhibits a poikiloblastic texture indicating later 
crystallisation. Very occasional specks of scheelite within the 
schist have been noted when examined under u.v. light. 
2) Cale-Silicate 
This lithology comprises approximately a quarter of the metasediments 
at the Ot:ua prospect and occurs as rapidly alternating horizons and 
lenses within the schist (see Map 2). These lenses vary in thickness 
from 10cm to 20m. Facies changes into schist along and across strike 
are very common. The most continuous outcrop is a 10-20m thick marker 
unit of calc-silicate occurring in the structural footwall of the 
Rossing Formation (see Map 2). This marker contains minor thin biotite 
21 
bands and often has an orbicular appearance on the weathered surface. 
Cale-silicate exposures tend to be prominent due to their extreme 
hardness relative to the enclosing schist and on the weathered surface 
the calc-silicates often have a smooth, rounded, black appearance. 
Varieties of calc-silicate include a brown-green, biotite-rich calc-
silicate (20% biotite), an orbicular variety (0-5% biotite) and a pale 
green, massive, pure calc-silicate with almost no biotite. In thin 
section all types have a fine grained(< 1mm) equigranular texture. 
Quartz and plagioclase feldspar (Anao-10Q determined by Michel Levy 
method) comprise 80% of the rock type, but much of the plagioclase is 
untwinned making estimations of mineral proportions difficult. The 
remainder of this lithology is composed of biotite (0-20%), diopside 
(5-20%) and minor scapolite and sphene. A granoblastic texture with 
later, poikiloblastic diopside is ubiquitous. Very fine grained 
(<O.Smm) specks of scheelite can be seen in places with the aid of a 
u.v. lamp. 
3) Scheelite-bearing Hornfels: 
Scheelite-bearing hornfels comprise approximately 2-3% of the Khan and 
Oberwasser metasediments at the Ot~ua prospect and are developed as 
thin, discontinuous intercalations within the metasediments, 
especially the calc-silicate rocks. Horizons of scheelite-bearing 
hornfels vary 
but are more 
discontinuous. 
enclosing 
in thickness from a few centimetres to several metres, 
commonly in the 10-SOcm range and 
The hornfels exhibits gradational 




enclosed by biotite schist, an amphibole (probably hornblende) rich 
zone that varies between a few millimetres and one centimetre in 
thickness is developed at the contact between the two lithologies. 
This amphibole-rich zone is interpreted as a reaction skarn developed 
during regional metamorphism. Scheelite-bearing hornfels is light to 
dark green in colour and usually exhibits a fine to very fine grained 
massive texture (<lmm), though hornfels possessing amphibole may have 
a faint foliation. 
marble horizons. 
Scheelite-bearing hornfels is not associated with 
Two typical examples of scheelite-bearing hornfels 
are shown in Photo 2. 
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In thin section the hornfels is characterised by a diverse mineralogy. 
Mineral assemblages include: quartz (0-40%), plagioclase feldspar (0-
40%), clinopyroxene (10-60%), scapolite (0-60%), hornblende (0-10%), 
clinozoisite (0-15%), sericite (0-10%), sphene (1-4%), biotite (0-2%), 
apatite (1-2%), carbonate (0-5%), scheelite (0-2%) and very minor 
pyrite and chalcopyrite. The grain size rarely exceeds 1.5mm and is 
usually finer than 1mm. The overall texture is xenoblastic-
granoblastic, triple ~unctions being very common with scapolite and 
plagioclase locally exhibiting a poikiloblastic habit that encloses 
all other phases(see photos 3 and 4). However, in some sections the 
texture within the hornfels is very chaotic, Round pyroxene grains, 
xenoblastic quartz and scapolite are by far the most common minerals 
and all three frequently contain small round inclusions of sphene and 
euhedral apatite. Hornblende is usually found rimming pyroxene, 
though minor amounts of primary amphibole are also present. 
Clinozoisite is ubiquitously associated with altered scapolite and 
plagioclase, while the latter two minerals show considerable 
alteration to sericite. The minor carbonate is always interstitial 
to other minerals. The undulose extinction within the quartz 
indicates considerable post-crystallisation straining of the hornfels. 
Two points are worthy of emphasis. Firstly, the fine grained (<0,5mm) 
scheelite is part of a stable metamorphic assemblage. It is in 
textural equilibrium with all other phases and is not a late stage 
mineral. Secondly, both plagioclase and scapolite are in textural 
equilibrium. Only occasionally does plagioclase rim scapolite or vice 
versa, therefore the scapolite is a primary metamorphic mineral, not 
an alteration product after feldspar. 
Although mineral compositions are discussed in detail below, the pale 
green colour of the clinopyroxene in plane polarised light indicates 
that it is a member of the diopside-hedenbergite solid solution 
series, the highly birefringent nature of the scapolite testifies to 
its high meionite component and the plagioclase composition is 
An70_9~ (determined by Michel Levv method). 
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4) Marble: 
Marble comprises a minor proportion of the Khan and Oberwasser 
metasediments at the Ot~ua prospect (see Map 2). The marble horizons 
vary in thickness, from a few centimetres to several tens of 
centimetres, though locally they are greater than 1 metre thick. Some 
of the thicker horizons are laterally continuous for hundreds of 
metres, but the thinner examples exhibit poorer continuity. Marble is 
invariably enclosed by calc-silicate rocks and gradational contacts, 
on both foot and hanging wall, between the two lithologies are common. 
The marble is grey-brown in appearance, fine - medium grained (<l.Smm) 
and locally graphitic. Although the mineralogy has not been fully 
investigated, the marble is a marly calcitic carbonate. 









idocrase, garnet, scapolite, 
Skarn development is more 
pronounced within marbles of the Khan Formation i.e. closer to the 
Ot~ua granite (see Maps 1 and 2). Skarn mineralogy and development 
are discussed in more detail in sub-section iv. 
ii) Metaintrusive in the Khan and Oberwasser Formations:Sulphidic 
tonalite. 
One lithology that is poorly exposed on surface, but has been 
intersected by several drillholes is a sulphidic tonalite. The 
dimensions of this lithology are difficult to establish due to its 
poor continuity (as indicated by the poor correlation between ad:acent 
boreholes). The tonalite varies in thickness from a few tens of 
centimetres to several metres, the rock possessing a well defined 
foliation that is parallel to the contacts between the tonalite and 
the enclosing metasediments. Locally the tonalite interfingers (on a 
centimetre scale) with the schist. In hand specimen it is a fine 
grained, white quartz-feldspar rock with very minor, thin biotite 
stringers and finely disseminated pyrite and chalcopyrite. Thin 
(<1mm thick) stringers of quartz and occasional quartz eyes (< 1mm) are 
also present. In thin section a granoblastic texture is readily 
apparent, the grain size being approximately 250W. The tonalite is 
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dominated by a mosaic of anhedral quartz and plagioclase feldspar 
(Anso , determined by Michel Levy method), but due to lack of twinning 
in the plagioclase, estimation of the modal composition is difficult. 
Up to 15% microcline is present, while biotite (0-5%), muscovite (0-
2%), clinozoisite (0-2%) and sulphides (0-3%) comprise the remainder. 
The sulphide may be granoblastic or very ragged and interstitial. It 
is suggested that the rock, on account of its distribution and 
metamorphic characteristics was originally intrusive into the sequence 
and has been subsequently metamorphosed. 
iii) Rossing Formation: 
At the Otjua prospect the Rossing Formation is represented by a single 
marble horizon (see Map 2). This horizon varies in thickness from 
0.7-4 metres and often exhibits a pinch and swell nature. The contact 
between the Rossing Formation marble and the enclosing metasediments 
is usually sharp, but there may be a transition zone in which thin 
(<Scm thick) bands of marble are developed in schist or calc-silicate 
(see Fig. 8). In hand specimen the marble is an extremely pure rock 
composed almost entirely of coarse grained (2-Smm) calcite. The 
marble is grey-white in colour and possesses finely disseminated 
pyrrhotite and fine grained graphite. The graphite lends a grey, 
often banded, colouring to the marble (see Photo 5). 
In thin section a granoblastic texture is readily discernable(see 
photo 6).Calcite grains, varying in size from 1-Smm, form a polygonal 
mosaic that comprises approximately 95% of the rock. Very minor 
scapolite (0-2%), plagioclase feldspar (0-2%), clinopyroxene (0-2%), 
pyrrhotite (0-2%), graphite (0-2%) and trace amounts of apatite, 
sphene, sericite and clinozoisite comprise the remainder of the rock. 
Minerals other than calcite are very fine grained (<O.Smm) and fill 
the interstices between the carbonate grains. Pyroxene grains are 
round, while both scapolite and plagioclase may be xenoblastic and 




Metasomatic skarn is developed within several of the marble units at 
the Ot~ua prospect, but the most extensive and continuous skarn is 
hosted by the Rossing Formation marble (see Map 2). A strike length 
of approximately 700 metres of this marble has been skarned and has 
been investigated by diamond drilling to a depth of 370m below surface 
(see Long. Sect. 1). The continuity and thickness of the skarn hosted 
by the Rossing Formation combine to make it the most economically 
significant of all the skarns at the Otjua prospect. The description 
of skarn mineralogy and geochemistry that follows concentrates almost 
exclusively on the skarn types occurring in the Rossing Formation 
marble. Unless specifically stated, comments apply to skarns within 
that formation, though skarns hosted by marbles of the Khan and 
Oberwasser Formations exhibit similar characteristics. 
The skarn replacing the Rossing Formation marble can be sub-divided 
into three zones or facies: 
1) Idocrase facies skarn which hosts minor scheelite mineralisation 
2) Garnet facies skarn which hosts the majority of scheelite 
mineralisation 
3) Pyroxene facies skarn which is barren of scheelite mineralisation 
These three facies of skarn appear to be related to varying degrees of 
replacement of the marble. Moreover, they appear to pass laterally 
into one another, but this cannot be proved due to poor exposure. 
However, transitional zones between the three facies have been 
recognised. There is no evidence that one facies of skarn replaces, 
overprints or crosscuts another facies. 
From a mining point of view, the idocrase facies skarn is usually 
considered to be subeconomic: either the skarn is too thin or the 
tungsten grade is too low. Garnet facies skarn constitutes the ma~or 
portion of the ore zone at the Otjua prospect while pyroxene facies 
skarn is essentially barren of tungsten. 
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1. Idocrase Facies Skarn: 
This facies of skarn can be traced on surface for a distance of 325 
metres west of the 27W fault (see Map 2) and drilling indicates that 
it extends at least 370m below surface (see Long. Sect. 1, Borehole 
OT24). Replacement of the Rossing 
incomplete where idocrase facies skarn 





footwall of the structural 
marble, with only minor development towards the structural hanging 
wall of the carbonate (see Fig. 9 and Photo 7). Normally the ratio of 
skarn thickness to combined marble and skarn thickness is less than 
0.2, but the degree of replacement may be more extensive (e.g. 
borehole OT24, Table A). The skarn-marble contact is normally very 
sharp over a few millimetres. 
In hand specimen idocrase facies skarn is dominated by pale brown to 
honey coloured prisms of strongly striated idocrase. These crystals, 
which vary in length from 1mm to 5cm, are randomly oriented within an 
equigranular fine to medium grained groundmass of the other minerals. 
In thin section the following minerals were noted: idocrase (30-70%), 
clinopyroxene (5-30%), scapolite (10-30%), calcite (5-40%), garnet (0-
5%) as well as fluorite (0-2%), sphene (0-2%), plagioclase feldspar 
(0-2%), apatite (0-2%), clinozoisite (0-2%) and scheelite (0-1%). The 
idocrase contains numerous inclusions of very fine grained calcite and 
scapolite and can be seen overgrowing earlier coarser grained 
scapolite(see photos 8 and 9). Both the calcite (up to 3mm) and 
scapolite tend to be anhedral and the latter mineral is often 
extensively altered to clay minerals and clinozoisite. The scapolite, 
where fresh, exhibits high birefringence (second order colours) 
indicating that it has a high meionite content. Grains of pale green 
hedenbergitic pyroxene are seldom more than one millimetre in diameter 
and are present as individual, round or oval shaped grains or in 
clusters exhibiting triple point ~unctions. Rhombs of sphene are 
usually less than one millimetre long. The minor fluorite present is 
anhedral and appears to have developed slightly later in the 
crystallisaton sequence. Texturally the assemblage appears to be in 
equilibrium as all mineral phases are in contact with one another and 
there are no observable reaction relationships. However, the idocrase 
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prisms commonly exhibit a colour zoning that is concentric about the 
Z-axis. 
2. Garnet Facies Skarn: 
Garnet facies skarn can be sporadically traced on surface for a 
distance of 270 metres between the 16W and 27W faults (see Map 2) and 
has been intersected in drillcore at a depth of 350 metres below 
surface (see Long. Sect. 1, borehole OT26). However, within this area 
large zones of completely unreplaced marble exist (see Map 2). Where 
garnet facies skarn is developed, the degree of replacement of the 
marble is usually higher than in the idocrase facies and in many cases 
the carbonate unit has been entirely replaced (see Fig. 9 and Photos 
10 and 11), However, the style of replacement in the idocrase and 
garnet facies is similar i.e. skarn is thicker on the structural 
footwall side of the marble (see Fig. 9). Contacts between the garnet 
facies and marble are sharp, although, in certain borehole 
intersections (e.g. borehole OT17) on the contact between the skarn 
and enclosing metasediments skarn is confined to thin (<5cm thick) 
bands and is intercalated with calc-silicate rock. This intercalation 
is thought to result from metasomatic replacement of thin bands of 
marble within a finely banded calc-silicate marble zone, which, in 
turn, reflects changing conditions of deposition during sediment 
formation (as discussed in the preceding section on the Rossing 
Formation marble). Therefore, the observed calc-silicate/skarn 
intercalation 1s interpreted not as metasomatic zoning resulting from 
diffusion of elements between marble and calc-silicate but to be due 
to the different compositional bands present in the original 
sediments (this is discussed in more detail in Chapter 8). 
In hand specimen the skarn is distinctive due to the red brown garnet, 
the translucent colourless fluorite and the dark green pyroxene. The 
pyroxene exhibits one prominent cleavage and weathers to give a rusty, 
almost gossanous, appearance. Under u.v. light the skarn can be seen 
to contain finely disseminated scheelite which fluoresces a blue-white 
colour. The overall mineralogy of the garnet facies skarn as 
determined from thin section work is as follows: garnet (5-50%), 
hedenbergitic pyroxene (5-40%), scapolite (10-70%), fluorite (5-35%), 
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scheelite (0-3%), plagioclase feldspar (0-3%), clinozoisite (0-3%), 
apatite (0-3%), epidote (0-3%), hornblende (0-3%), chlorite (0-2%), 
carbonate (0-5%), pyrite (0-1%), pyrrhotite (0-2%) and chalcopyrite 
(0-2%). The garnet facies skarn has a granoblastic-poikiloblastic 
texture. A fine grained equigranular texture with numerous triple 
point ~unctions is locally developed, but elsewhere the texture is 
chaotic;some minerals, especially garnet, exhibit a poikiloblastic 
texture and the grain size varies considerably, often exceeding many 
centimetres.Garnet may be sub-idioblastic (see photo 12) or 
xenoblastic (see Photos 13 and 14) and is frequently associated with 
and appears to overgrow scapolite. The garnet frequently contains 
numerous, fine grained inclusions of calcite and scapolite and more 
rarely, clinopyroxene and sulphides. Garnet may form a skeletal 
network that encloses all other phases and occasionally is obviously a 
late stage mineral, for example it may rim scapolite. 
Pale green, round or anhedral pyroxene crystals, which may be up to 
1cm in diameter, though more often l-2mm, often exhibit twinning and 
are usually found with scapolite or completely surrounded by a 
groundmass of fluorite (see photo 15). Scapolite is often present as 
granoblastic aggregates with clinopyroxene and is often considerably 
altered to clay minerals. Occasionally, very fine grained chlorite 
and more commonly, radiating aggregates of clinozoisite overgrow 
altered scapolite. Very fine grained aggregates of epidote may also 
be associated with scapolite. Round to almost rectangular scheelite 
crystals vary in size from 100-SOOW in diameter, though they may be up 
to 4mm in diameter (see photos 16 and 17). The scheelite exhibits 
high relief and second order birefringence. Scheelite is present at 
triple points in equilibrium with pyroxene and scapolite, 
poikiloblastically enclosed by garnet and occasionally with fluorite. 
Anhedral calcite, usually less than 2mm in diameter, occurs as an 
interstitial mineral or as very fine grained inclusions in garnet. 
Fluorite is universally anhedral forming rounded embayments into 
pyroxene and scapolite 
Plagioclase compositions 
Michel Levy method), though 
clay minerals is common. 
and appears to be a late stage mineral. 
are in the An 50 _ 60 range (determined by 
widespread alteration of the feldspar to 
The feldspar may contain irregular 
inclusions of calcite, apatite and scapolite. The very minor 
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hornblende exhibits strong pleochroism (dark green to blue green). 
The sulphides appear to be one of the last minerals to form either 
being interstitial to, or enclosing, garnet, fluorite and pyroxene. 
Paragenetic summary: scheelite, scapolite and pyroxene all appear to 
have crystallised at about the same time but garnet, some of the 
fluorite and the sulphides, on account of their poikiloblastic and 
interstitial nature seem to have crystallised slightly later. 
Unlike the other facies of skarn, garnet facies skarn is usually zoned 
across its width. This mineralogical zoning is by no means 
universally developed, but borehole intersections of garnet facies 
skarn exhibit many of the following characteristics which are 
summarised in Fig. 10: 
1) a concentration of fluorite towards the structural hanging wall 
of the skarn 
2) a sympathetic relationship between garnet and scheelite 
3) a tendency for scheelite to be concentrated on the footwall side 
of the core of the skarn, but a decrease in scheelite immediately 
on the footwall contact 
4) an antipathetic relationship between pyroxene and garnet 
5) a concentration of pyroxene towards the hanging and footwall 
contacts of the skarn 
No mineralogical zoning within the garnet facies skarn has been noted 
either down-dip or along strike. 
3. Pyroxene Facies Skarn: 
This facies can be traced on surface for a distance of approximately 
90 metres on the eastern side of the 16W fault (see Xap 2) and extends 
to at least 130 metres below surface (see Long. Sect. 1). Pyroxene 
facies skarn always replaces the entire width of the marble (see Fig. 
9). Pyroxene facies skarn with minor fluorite mineralisation has been 
intersected in borehole OT14 on the western side of the orebody (see 
Long. Sect. 1). The skarn in borehole OT14 is interpreted as being 
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part of a transitional zone between the garnet and pyroxene facies 
(see Photo 18). 
Pyroxene facies skarn is dominated by two minerals, scapolite and 
pyroxene. The mottled effect of the white scapolite and dark green 
pyroxene (the two principal minerals) lend the lithology a distinctive 
spotted appearance. 
pyroxene (20-80%), 
In thin section the skarn comprises hedenbergitic 
scapolite (20-80%), hornblende (0-5%) and minor 
clay minerals, calcite, clinozoisite and opaques. In thin section 
pale green, anhedral clinopyroxene and highly birefringent scapolite 
are usually developed in a polygonal mosaic. This mosaic is locally 
granoblastic (triple :unctions are common), but elsewhere there is a 
considerable range in grain size from lOOU to many centimetres. The 
scapolite shows considerable alteration to clay minerals, while 
clinozoisite prisms up to one millimetre long are commonly associated 
with and occasionally may poikiloblastically enclose scapolite. The 
highly pleochroic hornblende occurs as rims on pyroxene and thus tends 
to be anhedral and ragged. Occasionally the amphibole may 
poikiloblastically enclose pyroxene. The fine grained opaques (<100µ) 
observed in thin section are thought to be magnetite. On surface, 
minor copper sulphide mineralisation has been oxidised to malachite, 
though sulphides have not been noted in thin section. 
4. A summary of the essential petrographic differences between 
replacement skarns and scheelite-bearing hornfels is given in Table 1, 
v)Intrusive Rocks 
1. Otjua Granite: 
In hand specimen the Otjua granite is a light grey, leucocratic, 
equigranular, medium to coarse grained rock. A slightly porphyritic 
texture is locally developed. The granite is homogenous and the lack 
of foliation indicates that it is of late tectonic age. The dominant 
mafic mineral is biotite. Minor garnet is present at sample locality 
OT128 (see Map 1), while coarse grained black schorl is well developed 
in quartz-tourmaline nests at sample locality OT112 (see Map 1 and 
Photo 19). These oval quartz-tourmaline nests vary in size from five 
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to fifteen centimetres in diameter. Locally, pegmatite and aplitic 
dykes can be seen to intrude the granite in a random fashion. The 
pegmatitic dykes are composed of quartz, feldspar, biotite, tourmaline 
and very minor garnet. Biotite xenoliths are locally present with the 
Ot~ua granite e.g. sample locality OT112 (see Map 1). 
In thin section the Ot~ua granite has the typical granular, 
hypidiomorphic texture of an igneous rock and comprises quartz (30-
40%), microcline feldspar (30-40%), plagioclase feldspar (10-25%), 
biotite (3-10%), muscovite (0-2%) and minor clay minerals zircon, 
tourmaline, carbonate and opaques. 
(determined by Michel Levy method) 
Small (<lmm), anhedral oligoclase, 
feldspar crystals tend to be 
enclosed by large poikilitic microcline feldspars. The plagioclase is 
often considerably sericitised, though the alkali feldspar seldom 
exhibits signs of alteration. Quartz often has undulose extinction 
indicating minor post-crystallisation deformation. Minor, fine 
grained, ragged muscovite (not an alteration product after feldspar) 
is often associated with biotite. The mafic mica contains numerous 
tiny inclusions of zircon, which are surrounded by pleochroic haloes. 






texture is well developed in the Ot~ua granite. A 
intergrowth of quartz and plagioclase feldspar is 
irregularly shaped pro~ections of the latter mineral, 
in contact with microcline feldspar. These wart-like 
pro:ections of the normally euhedral plagioclase appear to be 
replacing the alkali feldspar (see Photo 20). 
2. Fine Grained Granite: 
In outcrop the granite is light grey, fine grained and homogenous. In 
thin section an equigranular igneous texture is evident and the grain 
size only locally exceeds two millimetres. The ma~or minerals present 
are: quartz (30-40%), orthoclase (30-40%) and plagioclase feldspar 
(15-25%) and the accessories comprise biotite (2-10%), muscovite (1-
5%), apatite (1-2%), zircon (1-2%) and opaques (2-3%). Both the alkali 
and oligoclase feldspar (determined by Michel Levy method) locally 
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contain quartz inclusions, while muscovite poikilitically envelopes 
quartz and apatite. The felsic minerals are present in a granular 
mosaic (<l.Smm) with randomly oriented coarser grained biotite. 
A characteristic feature of this granite is the presence of a large 
number of randomly oriented needle-like crystals(see photo 21). They 
are especially well developed in quartz and to a lesser extent in the 
feldspars. Although up to 200W long, the crystals are seldom more 
than a few microns thick. Some of the thickest examples have high 
relief, possess a slight greenish tinge in plane polarised light and 
straight extinction. The mineral is thought to be tourmaline. 
3. Pegmatite: 
Pegmatite comprises approximately half of all the lithologies present 
at the Ot~ua prospect (see Map 2). It is not possible to identify 
individual pegmatite bodies and the pegmatite can be more accurately 
described as a mass of apparently interconnected intrusive. A 
particularly prominent feature of the nature of pegmatite intrusion is 
the relative lack of disruption of the country rock. The strike of 
the ma~ority of the pegmatite is conformable with that of the 
metasedimentary sequence and is only locally crosscutting, the 
transgressive portions of the pegmatite being consistently oriented 
113°. This orientation is similar to that of crosscutting pegmatites 
developed at other skarn prospects on the Ot:ua Ridge suggesting that 
pegmatite intrusion was structurally controlled on a regional basis. 
However, there is no difference, mineralogically or chemically, 
between conformable and crosscutting portions of the pegmatite. 
From drillcore it is apparent that contacts between the pegmatite and 
metasediments are very sharp and that contacts approximately parallel 
the schistosity of the countryrock (see Photo 22.) No chilled margin 
is present in the pegmatite, nor have the metasediments been baked. 
Only occasionally have metasedimentary xenoliths been incorporated 
into the intrusive. A biotite selvage on the schist-pegmatite contact 
is only locally developed. 
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All these points indicate that, firstly there was only a small 
temperature difference between the metasediments and the pegmatite 
magma at the time of intrusion and, secondly, that the pegmatite 
intruded in an relatively passive manner. In several instances, both 
on surface and in drillcore, skarn fragments can be seen within 
pegmatite, indicating that the intrusion of pegmatite postdates 
skarnification of the Rossing Formation marble. 
A prominent textural feature of the pegmatite is a banding (not a 
foliation) parallel to lithological contacts. On outcrop scale, 
banding of tourmaline and biotite-rich zones is common, while banding 
may also be caused by alternating very coarse and very fine grained 
mineral assemblages (see Photo 23). In hand specimen the pegmatite is 
pink or white in colour and often exhibits a coarse grained 
micrographic quartz-feldspar (see Photo 24) or quartz-tourmaline 
intergrowth. The grain size varies from medium (2mm) to very coarse 
grained (15cm). Stumpy, black, prismatic schorl is ubiquitous, while 
pink-red euhedral garnet and biotite books are common. Muscovite is 
very rare. The pegmatites are very fresh (feldspar alteration is 
extremely minor) and essentially unmineralised-scheelite in pegmatite 
has been recorded very rarely in drillcore. In thin section pegmatite 
has an igneous texture and comprises the following minerals: 
microcline (20-60%), quartz (20-50%), plagioclase (20-40%), biotite 
(0-5%), garnet (0-10%), tourmaline (0-10%), muscovite (0-2%), chlorite 
(0-2%), zircon (0-1%), opaques (0-1%), clay minerals (0-2%) and 
carbonate (0-1%). 
The plagioclase feldspar is oligoclase (determined by Michel Levy 
method) and is mainly present as small crystals (<lmm) enclosed by 
microcline. Plagioclase that appears to have crystallised at the same 
time as the microcline tends to be coarser grained, but no 
compositional difference between the early and late plagioclase was 
noted. Subhedral to anhedral microcline tends to envelop all other 
phases. Quartz exhibits strained extinction. Although usually 
prismatic, tourmaline may be very ragged and exhibits a blue-brown-
violet pleochroism. Garnet is universally euhedral and contains rings 
of inclusions, notably quartz, but also tourmaline. Muscovite is 
anhedral and usually very fine grained. Chlorite is an alteration 
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product after biotite or 
content. Alteration 
sericitisation of the 
microcline. 
garnet, but tends 
of the feldspars 
small plagioclase 
to be very minor in 
is confined to minor 
inclusions within the 
The pegmatite exhibits two prominent textural features. Firstly, 
micrographic intergrowth of quartz and microcline is ubiquitous 
(see photo 24).The quartz "blobs" that are prominent in thin section 
are invariably in optical continuity. Similarly, the microcline 
feldspar crystals that form the intergrowth are often very large (many 
centimetres in size). This granophyric intergrowth is interpreted as 
being the result of the simultaneous crystallisation of quartz and K-
feldspar at the eutectic temperature. The second prominent texture in 
the pegmatite is a myrmekitic intergrowth. As with the Ot:ua granite, 
a wormlike intergrowth of plagioclase feldspar and quartz is developed 
where pro:ections of plagioclase extend into, and appear to replace, 
the alkali feldspar. 
4. Karoo Dykes: 
Minor dolerite dykes have disrupted the metasediments and intrusives 
at the Ot:ua prospect (see Map 2). Although poorly exposed, the two 
sets appear to be sulr-vertical, though from drillcore it is apparent 
that they are locally conformable with the schistosity of the 
metasediments. Chilled margins of the dolerite and baked country rock 
attest to their post-Damaran age, i.e. they are most likely to be of 
Karoo age. The dykes vary in thickness from 0,5 to 10 metres and are 
traceable on surface for distances of up to 120 metres. 
In hand specimen they are dark green, weathering to an olive brown 
colour. Outcrops are indistinct and exposures are usually marked by 
round weathered boulders and pebbles. The dolerite is very fine 
grained and in thin section comprises an equigranular mass of 
clinopyroxene and plagioclase feldspar. Several vessicles (up to 5mm 
in diameter) are filled with zeolites and crosscutting fractures 
filled with calcite and haematite are not uncommon. Irregular patches 
of chlorite alteration are widespread. Up to 5% opaques are present: 
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much of this is probably magnetite since the dolerite is highly 
magnetic. 
4e Economic Geology 
i) Sampling and Geochemical Analysis During Exploration: 
During the exploration of the Ot~ua prospect routine analysis for Cu, 
Mo, W02, and F concentrations in the skarn, scheelite-bearing hornfels 
and other lithologies was conducted by a commercial laboratory, 
Scientific Services of Cape Town, RSA. Copper was determined by 
atomic absorption (LLD= lOppm) and fluorine by specific ion electrode 
(LLD= 500ppm). Molybdenum and tungsten (LLD = 20ppm and 30ppm 
respectively) were both analysed for by XRF (10% wax pellet), but 
those samples containing in excess of Q.3% W03 were reanalysed by a 
fusion method. Tungsten concentrations are expressed as W03, not W, 
since this is standard practice in the mining industry when referring 
to tungsten ore. Fluorine concentrations in the skarn are expressed 
as wt.% fluorite since the element F is almost entirely present in 
this mineral. Analysis of many hundreds of scheelite-bearing rocks 
(both skarn and hornfels) revealed up to 312ppm molybdenum, but in the 
vast ma~ority of samples analysed, the Mo concentration was below the 
detection limit. Therefore, the powellite component of the scheelite 
both in the skarn and the scheelite-bearing hornfels can be considered 
to be negligible. Similarly, copper contents of skarn and scheelite-
bearing hornfels are of no economic interest. 
Due to the possible complications caused by weathering and leaching 
effects, which incidentally seem to be minimal, only analyses from 
diamond core samples were used in the following study. The analyses 
quoted below are from 15-50 centimetre long lengths of core that were 
sampled on the basis of mineralogy and response under u.v. light 
during the exploration programme. 
ii) Scheelite distribution in the various facies of skarn hosted by 
the Rossing Formation: 
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A particularly striking feature of scheelite distribution within skarn 
at the Ot:ua prospect is the virtual restriction of economic 
mineralisation to the garnet facies. Minor scheelite mineralisation 
is present in idocrase facies skarn, but is extremely uncommon in the 
pyroxene facies: W03 contents seldom exceed 200ppm in the latter. 
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concentration of tungsten in idocrase facies skarn is evident 
11. 75% of the samples have WO: contents of less than 0.2 
with only 
12). The 
one sample in twenty containing more than 2% W0 3 
considerably higher tungsten content and almost 
lognormal distribution of tungsten in the garnet facies is evident 
from Fig. 13. The previously discussed zoning of garnet facies skarn 
across its width, with scheelite-poor peripheral zones and a 
scheelite-rich core (see Fig. 10), results in the W03 concentration of 
peripheral garnet facies skarn rarely exceeding 0.8 wt.% WOs. Samples 
with W03 contents in excess of 0.8 wt.% W03 are almost exclusively 
confined to the garnet+ scapolite dominated assemblages from the core 
of the skarn. 92% of all samples from garnet facies skarn have W0 3 
contents of less than 1% W03 (see Fig. 14) indicating that in world-
wide terms the skarn hosted by the Rossing Formation is relatively low 
grade. 
iii) Fluorite distribution in the various facies of skarn hosted by 
the Rossing Formation: 
Fluorite is noticeably concentrated in the garnet facies, while 
idocrase facies skarn hosts minor fluorite mineralisation and the 
pyroxene facies has none. Therefore fluorite distribution within the 
skarn system is similar to that of scheelite, but, as previously 
discussed, the former tends to be concentrated towards the structural 
hanging wall of the garnet facies skarn (see Fig. 10). The majority of 
idocrase facies samples have CaF2contents of less than 2% (see Fig. 
15) while 95% of all samples contain less than 5% CaF 2 (see Fig. 16). 
The considerably higher concentrations of fluorite in garnet facies 
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skarn are evident from Fig. 17. The ma:ority of samples containing in 
excess of 15% CaF2 are from the (structural) hanging wall of the 
garnet facies skarn. The cumulative frequency diagram (see Fig. 18) 
emphasises the concentration of fluorite in the garnet facies; only 
42% of all samples contain less than 5% CaF2. 
iv) Distribution of skarn and mineralisation within the Rossing 
Formation 
l)Introduction: 
The aim of this section is to discuss the inter-relationship between 
scheelite and fluorite distribution in the various facies of skarn, 
the thickness of the skarn, the original thickness of the Rossing 
Formation marble and the degree of replacement of the carbonate unit. 
For example, it would be of interest to know whether tungsten is 
concentrated in areas where fluorine contents are higher, whether 
tungsten and fluorine are concentrated in areas where the 
skarnification process has been more extensive or in those portions of 
the marble that have been structurally thickened. Exposure of the 
contacts between marble, skarn and the Khan and Oberwasser 
metasediments is poor, making direct measurements of parameters such 
as the skarn thickness and marble thickness difficult. Therefore 
the following investigation is based on information obtained from 
diamond drillhole intersections. 
Definition of terms: At the Ot:ua prospect boreholes were drilled 
perpendicular to the strike of the metasediments (see Map 2), but at 
varying angles to the dip of the country rock (see Sect. 1). 
Therefore, borehole intersection of marble and skarn are apparent 
thicknesses dependent on the intersection angle, a between the 
borehole and the inclined marble or skarn (see Fig. 19a). Table A 
lists the true thickness of the various facies of skarn hosted by the 
Rossing Formation intersected during drilling. 
In Fig. 19b the Rossing Formation marble has been partially replaced 
by skarn. The combined true thickness of marble and skarn is 
therefore sin u (a + b + c). The combined marble and skarn true 
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thicknesses for the borehole intersections are given in Table A. For 
the purpose of this investigation the process of skarn formation is 
assumed to have been a constant volume process. This is possibly an 
oversimplification and the validity of the argument is discussed in 
Chapter 8 but it would be interesting to know if the marblelskarn 
ratio shows any correlation with extent of mineralisation. Therefore 
the degree of replacement of the Rossing Formation marble is expressed 
as percentage skarnification. In Fig. 19b the percentage 
skarnification is: 
sin a (a+ c ) x 100 
(a+b+c) 
and the figures for the various boreholes are given in Table A. 
The W03 and Caf: contents quoted for the borehole intersections in 
Table A are averages for the skarn intersections. During sampling of 
the drillcore unequal lengths of core were sampled on the basis of 
scheelite content and skarn mineralogy. Because of the differing 
specific gravities of the ma:or skarn minerals, the unequal lengths of 
core have differing densities. Therefore corrections or "weighting" 
of the individual assay results have been made to arrive at average W03 
and CaF 2 grades for the individual borehole intersections of skarn. 
2)Longitudinal Descriptions: 
The degree of skarnification of the Rossing Formation is shown in 
Long. Sect. 2, The incomplete metasomatic replacement of the 
carbonate is particularly apparent on the western side of the orebody 
where idocrase facies skarn is developed. The patchy nature of the 
replacement process, as shown by the large pods of unreplaced marble, 
is evident between the 16W and 29W faults, an area dominated by garnet 
facies skarn. East of the 16W fault, the pyroxene facies skarn, where 
developed, has completely replaced the marble. Of particular note is 
the fact that replacement of the Rossing Formation is most extensive 
nearest the ma:or crosscutting pegmatites (see Long. Sect. 2 in 
con:unction with Map 2). 
Long. Sect. 3 shows the distribution of W03 content within skarn 
hosted by the Rossing Formation. However, during percussion drilling 
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a considerable amount of scheelite was lost in drilling dust and 
therefore the concentrations of W03 quoted for the percussion 
drillholes are 20-30% lower than the in situ value. In spite of this, 
the diagram emphasises the fact that garnet facies skarn between the 
16W and 27W faults comprises the bulk of the orebody; minor 
mineralisation is present west of the 29W fault, but the pyroxene 
facies skarn east of the 16W fault is barren. The skarn isopach 
(Long. Sect. 4) emphasises the thin development of idocrase facies 
skarn west of the 29W fault and indicates that the easterly pitching 
"shoot" between boreholes 27/35 and OT17 contains the bulk of the ore 
zone tonnage. This 
the calc-silicates 
shoot roughly parallels the boudin structures in 
1 kilometre to the east of the prospect (see 
section on structure), but whether this is coincidental is not known. 
The combined marble and skarn isopach (Long. Sect. 5) indicates a 
similar shoot, suggesting that locally skarn formation is more 
extensive where the original carbonate was thicker. What is important 
is that this subtle trend, which is significant as far as planning of 
drilling is concerned, is not obvious from the statistical analyses 
(see subsequent se~tion). 
3)Relationship between mineralisation and skarn distribution in the 
garnet facies 
The CaF2 and W03 contents of the garnet facies skarn in sixteen 
borehole intersections are plotted in Fig. 20 and the correlation 
coefficient between CaF2 and W03 concentration is +0.44. As discussed 
previously there is a tendency for garnet facies skarn to be zoned 
across its width and for there to be a generally antipathetic 
relationship between scheelite and fluorite distribution. However, 
Fig. 20 suggests that although concentrated in different portions of 
the skarn, scheelite and fluorite are possibly concentrated by similar 
processes. 
CaF 2 and W0 3 concentrations of the 
versus skarn thickness in Fig. 21. 
garnet facies skarn are plotted 
Although there is considerable 
scatter, thicker skarn is generally associated with higher CaF 2 and W0 3 
contents, the correlation coefficients being +0.41 and +0.55, 




portions of the skarn 
is higher (see Fig. 
where the degree of replacement of 
22). The correlation coefficients 
between CaF 2 and W0 3 contents and the percentage skarnification are 
+0.56 and +0.54 respectively. Both Figs. 21 and 22 strongly suggest 
that scheelite and fluorite formation was related to the skarn forming 
process and where this process was more extensive across strike higher 
concentrations of mineralisation resulted. 
To test whether skarn is preferentially developed where the original 
Rossing Formation marble was notably thicker (or thinner), the 
combined marble and skarn thickness of the borehole intersections is 
plotted versus degree of skarnification. In Fig. 23 a wide scatter of 
points is evident and the correlation coefficient is +0.07. This lack 
of correlation on initial inspection is highly significant. However, 
if one examines the data from the previously mentioned easterly 
plunging shoot (between boreholes 27/35 and OT17) the correlation 
between the combined marble and skarn thickness and the degree of 
replacement of the carbonate unit for the five diamond drillholes 
(OT2, 3, 10, 16 and 17) and the three percussion drillholes (26/70, 
27/35 and 27/60) is +0.76 and for the diamond drillholes alone is 
+0.98. This strongly suggests that within the seemingly disordered 
skarn development process, structurally (or sedimentologically?) 
thickened portions of the Rossing Formation were preferentially 
skarned and that skarn is best developed in linear shoots. 
Unfortunately the paucity of data points prevents a more detailed 
analysis. 
Perhaps not surprisingly the correlation coefficients between combined 
marble and skarn thicknesses and W03 and CaF2 contents of the skarn 
for all boreholes in garnet facies skarn are low: +0.31 and -0.03 
respectively. 
4)Conclusion: 
It 1S apparent that, although chemical controls, intensity and type 
of skarnification played a dominant role in concentrating tungsten and 
fluorine and that both elements were concentrated by similar 
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processes, skarn-hosted tungsten ore as opposed to skarn-hosted 
tungsten mineralisation was probably localised by tectonic controls. 
v) Fluorine and tungsten distribution in the metasediments of the 
Khan and Oberwasser Formations 
1) Quartz-Biotite Schist: 
Although specks of scheelite in schist have been detected with the aid 
of an u.v. lamp, routine analysis of this lithology during exploration 
indicates W03 concentrations to be below the LLD. However, fluorine 
contents of the schist are anomalous. No fluorite has been noted in 
hand specimen or thin section and the fluorine is presumed to be 
substituting for the hydroxyl ion in biotite. Twenty samples were 
selected from diamond drill core to investigate fluorine contents in 
the schist since surface samples of schist are severely weathered. 
Ten samples were selected from Otjua and ten from the Tjirundo 
prospect to investigate whether fluorine contents in the metasediments 
are particularly higher in the vicinity of significant skarn hosted 
scheelite-fluorite mineralisation as at Otjua relative to poorly 
mineralised skarn at Tjirund. The averages and standard deviations are 
as follows: 







These data indicate that there is no significant enrichment of 
fluorine in the schist in the immediate vicinity of the ot:ua prospect 
and suggests that the schist is regionally anomalous in fluorine. The 
significance of this is discussed more fully in Chapter 9. 
2) Cale-silicate and Scheelite-bearing Hornfels: 
Routine analysis by XRF of calc-silicate and hornfels has revealed 
that both lithologies contain highly anomalous concentrations of 




exceed 50ppm, while tungsten contents in the 
hornfels are frequently an order of magnitude 
higher, and up to 1.8 wt.% W03 has been recorded. One borehole, OT16, 
was chosen for a statistical study of the fifty scheelite-bearing 
hornfels intersected by drilling and compared with thirty-eight 
samples of hornfels from the Okakombo Horst (see Map 1) that were 
selected on the basis of u.v. response. The frequency distribution 
diagrams for the two sets of data are almost identical (see Figs. 24 
and 25) and clearly show that, on average, tungsten contents in the 
hornfels are considerably lower than in the idocrase and garnet facies 
skarn (see Figs. 11 and 13). Fig. 26 shows the distribution of 
tungsten within all hornfels intersected by diamond drilling at the 
Otjua prospect that contain W03 concentrations in excess of 0.1 wt.%. 
This diagram emphasises that even those hornfels containing the 
highest concentrations of scheelite have tungsten contents 




not apparent as to 
of both the calc-silicate and hornfels are 
apart from the presence of minor fluorite, it is 
exactly where the element is located. The 
concentrations of fluorite within the calc-silicate and hornfels are 
not of economic interest. The frequency distribution diagrams for 
fluorine hosted by scheelite-bearing hornfels at Otjua and within the 
Okakombo Horst show that fluorine contents at the former are 
considerably higher than in the latter area (see Figs. 27 and 28). 
Fluorine contents in both the calc-silicate and hornfels are an order 
of magnitude lower than those of 
Figs. 27 and 28 with Figs. 15 and 
the various skarn facies (compare 
17). Unlike the various skarn 
facies there is a poor correlation between 
concentration in the hornfels and, moreover, 
tungsten and fluorine 
the W03/F ratio of the 
hornfels is distinctly different from that of the skarn: 
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Okakombo: All scheelite-bearing hornfels 
Okakombo: Scheelite-bearing hornfels with W03 
concentrations in excess of 200ppm 
Okakombo: Scheelite-bearing hornfels with W03 
concentrations in excess of lOOOppm 
Otjua: 
Otjua: 
Scheelite-bearing hornfels from 
borehole OT16 
Scheelite-bearing hornfels with WQ3 






from borehole OT16 1.29 
Otjua: All hornfels with WQ3 concentrations 
in excess of lOOOppm 1.16 
These values are in marked contrast to the W0 3 /F ratio of +0.1 for the 
idocrase and garnet facies skarns which suggests that either the 
mineralising fluids had markedly different composition in the skarn 
relative to the hornfels or that at least the mineralisation occurred 
under different physico-chernical conditions. 
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5. WHOLE ROCK GEOCHEMISTRY 
a) Introduction: 
One of the main aims of this investigation was to test the idea that 
the intrusives in the immediate vicinity of the ot:ua prospect were 
responsible for skarn formation in the Rossing Formation and minor 
carbonate units of the Khan and Oberwasser Formations or, 
alternatively, whether skarn formation occurred as a result of a 
metamorphic reconcentration of elements from the enclosing 
metasediments into the marble horizons. Another main ob:ective was to 
determine whether the fine grained scheelite mineralisation in the 
hornfels is related to the skarn-hosted scheelite or whether 
concentrations of tungsten existed in the metasediments prior to skarn 
formation. With these aims in mind a suite of granite, pegmatite, 
marble, skarn and scheelite-bearing hornfels samples were analysed for 
ma:or and trace elements to provide data on their compositions. 
Samples of schist and calc-silicate were also analysed to help 
elucidate the sedimentary environment under which the precursors to 
these metamorphic rocks were formed. To gain an insight into the 
regional distribution of scheelite, scheelite-bearing calc-silicate 
rocks of the Khan and Oberwasser Formations from the core of two domal 
structures within the Okakombo Horst were also analysed (see Map 1). 
The Rossing Formation marble is traceable for forty kilometres within 
the core of these two domes, but is unskarned. No granites, nor 
pegmatites are developed within the core of these domal structures. 
Prospecting has confirmed the presence of widely distributed scheelite 
mineralisation within the calc-silicate rocks of the Khan and 
Oberwasser Formations in these domal structures suggesting that 
mineralisation in the calc-silicate rocks is unrelated to intrusive 
activity. A list of sample localities is given in Table 2 (see also 
Maps 1 and 2). 
b) Biotite Schist: 
The chemical composition of the biotite schist is given in Table 3-1. 
The two samples are similar in composition both containing higher 
alumina contents and lower Si02 concentrations than average shale and 
45 
are considerably less silicic than average greywackes (Petti:ohn, 
1975, pp.274 and 228). The high K20 content of the schist indicates 
that the sedimentary precursor had a high argillaceous component and 
the significant carbonate component of the schist is reflected in the 
high Cao content. The ternary· plot CaO-Na20-K20 (see Fig. 29) 
indicates that these three elements are present in similar proportions 
to average 
greywacke. 
shale but are considerably different from average 
Pettijohn (1975) has listed the following changes in 
chemical composition of a elastic sediment that occur with increasing 
maturity: an increase in the Al 20 3 and K2 0 contents as the clay 
component increases, while MgO, Cao and Na20 concentrations tend to 
decrease. Concentrations of iron, silica and titanium are seemingly 
little affected by maturation processes. Thus, various inter oxide 
ratios can be used to assess the maturity of a sediment: for 
example, the average ratio (Al203+ K20)/Na20 for the biotite schist 
from Otjua is 10. 85 which indicates a high degree of maturity. The 
ratio (Al 20 2+ Na 2 0)/(Mg0 + CaO 
+ Na
0
0) is also suggested by Petti:ohn 
L 
to be a good maturity index, but due to the high carbonate component 
of the schist from Otjua this gives a misleadingly low value of 1. 88. 
One of the few published studies on sediment maturity in the Damaran 
has been completed by Miller et al. (1983). The authors conducted a 
geochemical traverse across the greywacke dominated Kuiseb Formation 
between Windhoek and Okahandja. Of particular interest is their 
discovery that pelites from the Vaalgras subgroup, which also contains 
lenses of marble and calcareous quartzite (indicating fluctuating 
chemical and detrital sedimentation) had similar proportions of Cao, 
Na20 and K20 as the schist of Ot:ua, both being quite distinct from 
the greywackes of the Kuiseb Formation (see Fig. 29). The average 
(Al20 3 + K20)/Na 2 0 and (Al 2 0 3+ K2 0)/(Mg0 +Cao+ Na 2 0) ratios for the 
Vaalgras subgroup are very similar to those of the Ot:ua schist. The 
elastic component of the Vaalgras metasediments was considered to be 
the most mature of all Kuiseb sediments by Miller et al., (1983). 
Thus the schist from Ot:ua represents a metamorphosed highly mature 
argillaceous mud indicating a very low energy depositional 
environment. This is consistent with field observations which clearly 
indicate the fine intercalation and alternation of chemical and 
detrital sediments in the Khan and Oberwasser Formations. 
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c) Cale-Silicate and Scheelite-bearing Hornfels: 
The chemical composition of samples of calc-silicate and scheelite-
bearing hornfels are listed in Tables 3-1 and 3-2. There is 
considerable compositional variation of both lithologies, but the 
overall chemistry of the two lithotypes is remarkably similar. 
Biotite-rich varieties of calc-silicate are considerably more silicic 
and contain higher alkali contents than "purer" calc-silicate (sample 
OT118). However, concentrations of other elements are nearly 
identical. The ternary plot Al203-Ca0-Si0 2 shows how differences 
in the mineralogy of the calc-silicate essentially result from 
variations in the Cao and Si0 2 contents and that mineral assemblages 
are dominated by quartz, scapolite and anorthite (see Fig. 30). The 
biotitic calc-silicate probably represents a calcareous quartzite with 
a minor argillaceous component, while the more calcic variety was 
probably a cleaner calcareous quartzite. 
In the scheelite-bearing hornfels there is a strongly antipathetic 
relationship between Si02 and Cao content, those samples from the 
Okakombo Horst being considerably more silicic than those from the 
vicinity of Otjua. Fig. 30 clearly shows that there is little 
difference in the proportion of the elements Al 20 3 , Cao and Si0 2 in 
the hornfels and the calc-silicate and hence mineral assemblages are 
similar. The similarity in chemical composition of the two 
lithologies is further emphasised in the ternary plot Al20 3 -Fe0-Mg0 
(see Fig. 31). 
Tungsten concentrations in both the calc-silicate and scheelite-
bearing hornfels are highly anomalous compared to average W contents 
of l.8ppm in shales, l.6ppm in sandstone and 0.6ppm in carbonate rocks 
(Turekian and Wedepohl, 1961). Concentrations of tungsten in the 
scheelite-bearing hornfels correlate positively with Al 20 3 ,Fe0, MnO, 
MgO, Cao and total alkali contents (see Table 4), but negatively with 
Ti0 2 and Si0 2 indicating that scheelite is concentrated in the less 
silicic hornfels at ot:ua. Fig. 32 shows how W contents of the 
hornfels increase with rising Cao content. Concentrations of fluorine 
in the calc-silicate and some of the hornfels are considerably in 
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excess of average contents 
740ppm, average sandstone= 
Turekian and Wedepohl, 1961). 
of sedimentary rocks (average shale = 
270ppm, average carbonate= 330ppm, from 
The anomalous concentrations of tungsten and fluorine of the calc-
silicate and hornfels are in contrast to those of the other trace 
elements whose contents are not unusual for sedimentary rocks. The 
behaviour of trace elements in sedimentary processes is not well 












Oberwasser Formations which possess sediments derived by chemical and 
detrital processes. However, a striking feature of the two 
lithologies is 
Fig. 33). This 
their almost identical trace element signature (see 
suggests that the two lithologies were derived by 
similar processes and that the hornfels represents an unusual type of 
metamorphosed marl. 
d) Rossing Formation: 
The highly calcitic nature of the Rossing Formation and its low 
proportion of impurities is evident from the compositions given in 
Table 3-3. The marble therefore represents a metamorphosed calcitic 
limestone with very small dolomite and siderite components. Chemical 
compositions of the various skarn facies are given in Table 3-5 and 
the average compositions are plotted in Figs. 34-38. The 
conceDtrations of elements within the skarn clearly indicate the 
large-scale introduction of material into the carbonate unit during 
metasomatism. The interpretation of the mechanism of skarn formation 
is discussed in detail in Chapter 8. Although the sampling of the 
various skarn facies at Otjua has not been very extensive when one 
considers the heterogenous nature of skarn deposits, the changes in 
major and minor element concentrations with progressive metasomatism 
of the Rossing Formation are systematic and can be accounted for by 
the presence or absence of certain minerals and by changes in mineral 
chemistry (see Chapter 6). 
The decrease in total Ca content of the Rossing Formation with 
increasing metasomatism is matched by a corresponding increase in 
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Si0 2 concentration (see Fig. 34). This can be explained by an 
examination of the mineral assemblage in each facies: with 
progressive replacement of the carbonate unit the proportion of 
calcite in the mineral assemblages declines (idocrase facies: 5-40% 
calcite; garnet facies: 0-5% calcite; pyroxene: none) and less 
calcic silicates are developed. Where marble is replaced in the 
idocrase facies skarn, calcite is replaced by idocrase. Where 
replacement of the marble has been more extensive garnet, not 
idocrase, is present and where the carbonate unit has been entirely 
replaced, by pyroxene facies skarn, garnet is absent. However, the 
total Ca and Si02 contents of the idocrase and garnet facies skarn are 
similar suggesting that although metasomatism is usually more 
extensive across strike where garnet facies skarn is developed, the 
intensity of metasomatism in the garnet facies was not significantly 
different from the idocrase facies. This is an important point that 
will be discussed in detail in Chapter 8, The decrease in the LOI 
content of the marble with metasomatism is essentially a reflection of 
the loss of CO2 resulting from calcite decomposition (see Fig, 34). 
However, since all facies of skarn contain considerable scapolite, the 
three facies have similar, but significant, LOI contents, The 
distribution of calcium between fluorite and other minerals is shown 
in Fig. 35. 
The Rossing Formation marble contains very low concentrations of iron 
and aluminium (see Fig. 36), mainly present in pyroxene and 
plagioclase feldspar respectively. In the idocrase facies iron is a 
significant component of pyroxene and idocrase and with increasing 
replacement of the marble FeO concentrations rise to a maximum in the 
garnet facies. The inhomogeneity of the garnet facies is, 
however, evident from Table 3-5 which shows the large variation in 
Al203 content and the difficulties associated with sampling this 
facies. However, there is an overall trend towards higher aluminium 
contents with decreasing Cao content. Manganese is present in only 
one of the four marble samples analysed, but all skarn facies contain 
significant amounts of MnO (see Fig. 36), with the highest 
concentration in the garnet facies. 
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Magnesium concentrations are highest in the idocrase skarn, decline in 
the garnet facies and reach a minimum in the pyroxene facies. 
Titanium contents of the marble are very low while concentrations of 
Ti02 in the various skarn facies follow MgO contents (see Fig. 37). 
The lack of Na 2 0 in the marble highlights the calcic nature of the 
plagioclase in the marble. 
facies skarns are similar, 
facies skarn (see Fig. 38). 
Alkali contents of the idocrase and garnet 
but increase dramatically in pyroxene 
Trace element concentrations for the samples of Rossing Formation 
marble and skarns are listed in Tables 3-3 and 3-5 and average 
compositions are plotted in Fig. 39. Concentrations of trace elements 
within the Rossing Formation marble are similar to those of average 
carbonate (Turekian and Wedepohl, 1961) except for noticeably higher 
Sr and Mo and lower Zr and S contents (see Fig. 39). The absence of 
tungsten and fluorine in the marble indicates that the mineralisation 
in the Rossing Formation is related to skarn formation. The contrast 
in trace element signature of the marble and skarn clearly indicates 
that skarn formation involved the large scale introduction of elements 
(see Fig. 40). The distribution of trace elements within each skarn 
facies is systematic and can be divided into several groups: 





Elements concentrated in the garnet facies: W, F, Mo 






any particular facies, but present 
contents of the marble: Nb, Th, 
5) Elements depleted in the skarn facies relative to the Rossing 
Formation marble: Sr, S 
1) Co, Cr, V, Ni, Zn, Zr, Y 
The remarkably coherent behaviour of the elements Co, Cr, V, Ni, Zn, 
Zr, and Yin the three skarn facies is clearly evident from Fig. 41. 
Due to their similar ionic radii and electronegativities Co, Cr, V, 




first ferromagnesium minerals to form from a crystallising 
The reason for this concentration in initial minerals is that 
the elements Ni, Co and Zn in particular have smaller ionic radii than 
the Mg 2 + ion and are camouflaged in the magnesium-rich end members of 
a solid solution series. Magnesium concentrations for the various 
skarns are highest in the idocrase facies (see Table 3-5). Apart from 
pyroxene, idocrase can accommodate significant concentrations of Zn, 
Cu and Ni which are camouflaged by Mg 2 + and Fe 2 +, while the trivalent 
,+ 
ions v· ,+ and Cr· will tend to substitute for Fe 3 + within the 
idocrase structure (Deer et al., 1966; Hochella et al., 1982). The 
anomalous contents of yttrium in the idocrase facies are almost 
certainly accommodated within apatite 
substitute for Ca (Goldschmidt, 1958). 
or sphene, where Y can 
Idocrase skarn is the only 
facies to contain significant sphene. The coherence of these trace 
elements is of note because it suggests that an igneous or pseudo-
igneous system was in operation. 
2) W, F, Mo 
The distribution of tungsten and fluorine within the individual skarn 
facies has already been discussed (see Section 4e). Mo 
concentrations broadly follow those of tungsten indicating coherent 
behaviour of the two elements, though the powellite component of the 
scheelite is clearly negligible. 
3) Ba, Rb, Pb, Cu 
The geochemical coherence of Ba, Rb and K is well known and can be 
attributed to their similar ionic radii and electronegativities. 
Fig. 42 shows that while concentrations of Rb rise steadily with 
increasing metasomatism, Ba contents of the skarn facies essentially 





lead is also a relatively incompatible element being 
K+ and often concentrated in potassium rich minerals 
(Mason and Moore, 1982). Copper was only detected in one of the 
samples from the garnet and idocrase facies and the very low 
concentrations in the pyroxene facies are evident from Table 3-5. 
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4) Th, U, Nb, Sc 
Although sporadically anomalous contents of Th and U are present in 
the various skarn facies no particular trends in their distribution, 
for example, in the Th/U ratio are evident. Niobium is evenly 
distributed throughout the skarn system. However, the presence of 
these three elements, which exhibit strongly lithophilic behaviour, 
within a replacement body suggests an acid igneous source for the 
skarn-forming fluid. 
5) S, Sr 
The extremely low concentrations of sulphur in the various skarn 
facies at Otjua are evident from Table 3-5 in contrast to other skarns 
worldwide. Sulphur concentrations in the marble are considerably 
higher than in the skarn suggesting volatilisation of pyrrhotite 
during skarn formation. The similar geochemical behaviour of Ca and 
Sr is well known and the anomalous concentrations of Sr in the marble 
result from substitution of Sr for Ca in the calcite lattice. The sig-
nificant decrease in the Sr concentration of the skarn relative to the 
marble indicates removal of Sr and suggests that skarn formation did 
not occur within a closed system. The surprisingly constant con-
centration of Sr throughout the skarn system is evident from Fig. 42. 
e) Cale-silicate, Scheelite-bearing Hornfels and Skarn a 
Geochemical Comparison: 
The aim of this section is to investigate the geochemical similarities 
and contrasts between the various skarn facies hosted by the Rossing 
Formation and the scheelite-bearing hornfels and calc-silicates of the 
Khan and Oberwasser Formations. In the preceding sections it was 
shown that the metasomatic replacement of the Rossing Formation marble 
has involved the removal of some elements and the addition of others, 
and that metasomatism of the carbonate has occurred in a very 
systematic manner, Therefore the specific question that this section 
aims to answer is whether the scheelite-bearing hornfels could also be 
a type of replacement body formed by metasomatism of calc-silicate and 
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hence whether mineralisation in the hornfels is not perhaps related to 
skarn formation and skarn-hosted mineralisation. 
In all figures in this section 
the majority of iron in all 
idocrase and garnet facies 
total iron is expressed as FeO, since 
rock types under discussion (except 
skarn) is in the Fe2+ state, mainly in 
pyroxene. Because calcium is expressed as both CaF 2 and Cao in the 
idocrase and garnet skarns, for the purposes of this discussion the 
proportion of calcium in each has been calculated and added together 
to give "total Ca" concentrations. Concentrations of the various 
elements are plotted in Figs. 43-47. All curves in Figs. 43-47 have 
been fitted using the linear regression programme ~LIN of Hewlett 
Packard (HP41C, STATISTICS APPLICATION PAC). The regression 
coefficients and curve equations for Figs. 43-47 are listed in Table 
5. Although the validity of calculating regression lines on the basis 
of three samples of the calc-silicate lithology is perhaps 
questionable, the curves are shown for completeness. 
The similarity in calcium and silica concentrations of the scheelite-
bearing hornfels and the calc-silicates is evident from Fig. 43. The 
considerably higher Si02 and the lower total Ca contents of these two 
lithologies relative to the idocrase and garnet facies skarn can be 
explained by the presence of significant amounts of quartz and 
relatively minor carbonate in the hornfels and calc-silicates compared 
to the higher percentage of Ca-rich minerals in the skarn where quartz 
is absent. Concentrations of SiOz in pyroxene facies skarn are 
similar to those of the less silicic scheelite-bearing hornfels 
emphasising the overall similarity in mineralogy between the two rock 
types. However, the mizzonitic composition of scapolite in the 
pyroxene facies accounts for the lower total Ca contents relative to 
the hornfels (see Chapter 6). The relatively low scatter of skarn 
analyses about the regression line highlights the fact that the 
metasomatic process involves the systematic replacement of the 
carbonate by a silica- rich fluid, though the large garnet facies 
field indicates some of the problems associated with sampling this 
facies of skarn. 
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MgO contents of the scheelite-bearing hornfels and calc-silicates are 
similar (see Fig. 44). Because magnesium in the scheelite-bearing 
hornfels is only present in pyroxene and because this mineral is 
preferentially developed in the less silicic hornfels, the regression 
line for MgO versus total Ca concentration in the hornfels is 
positive, though there is considerable scatter of individual analyses 
about the curve. In contrast, the considerably lower MgO contents of 
the various skarn facies is evident from Fig. 44 with noticeably 
higher concentrations of magnesium in the idocrase facies. 
The overall similarity in major element concentrations of the 
hornfels, calc-silicate and pyroxene facies skarn is evident from Fig. 
45. Manganese, iron and magnesium behave coherently in these three 
lithologies, being essentially concentrated in pyroxene. Due to the 
concentration of this mineral in the more calcareous portions of the 
hornfels, the regression line for combined FeO + MnO + MgO versus 
total Ca concentration is steeply positive for this lithology. The 
calc-silicates plot considerably off the hornfels regression line and 
the lower contents of FeO, MnO and MgO in the calc-silicates are 
reflected in the smaller amounts of pyroxene and greater proportion of 
feldspar in this lithology. In contrast the relationship between 
combined FeO, MnO and MgO and total Ca contents in the idocrase and 
garnet facies skarn is more complex - a reflection of the more diverse 
distribution of these elements in minerals other than pyroxene and the 
presence of mineral zoning e.g. in garnet (see Chapter 6). 
The total Ca contents of the various lithologies are plotted versus 
Ti0 2 concentration in Fig. 46. The presence of significant sphene in 
the calc-silicates and hornfels accounts for the high concentrations 
of titanium in these two lithologies and their low total Ca content 
separates them from idocrase facies skarn, which, in turn, also 
contains significant sphene and titanium-bearing idocrase (see Chapter 
6). Very low Ti0 2 concentrations and different total Ca contents 
separate the garnet and pyroxene facies skarn from each other and 
other lithologies. 
Total alkalis are plotted versus total Ca concentrations in Fig. 47. 
The scheelite-bearing hornfels cluster tightly around the regression 
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curve which has a shallow positive slope. Alkalis are confined to 
scapolite and plagioclase in this lithology and these two minerals are 
more extensively developed in the more calcareous, i.e. less 
siliceous, portions of the hornfels. The presence of biotite explains 
the high potassium contents in the two biotitic calc-silicates and the 
increased Na20 concentrations result in (probably) more sodic 
plagioclase. Thus the negative slope of the regression line for the 
calc-silicates in Fig. 47 results from an increase in the proportion 
of detrital minerals, e.g. muds and clays in the biotitic calc-
silicate precursor relative to the more calcareous marl where chemical 
processes predominated. Alkalis in the skarns are almost entirely 
present in scapolite and hence changes in total alkali content are 
reflected in the scapolite chemistry - unlike the scheelite-bearing 
hornfels where scapolite composition does not change (see Chapter 6). 
Total alkali contents for the individual idocrase and garnet facies 
skarn analyses do not vary significantly, in fact the average for each 
facies is the same. Due to the presence of significant alkali 
concentrations in the pyroxene facies, the regression line for 
combined alkalis versus total Ca content in the skarns has a negative 
slope. 
Conclusion: The chemical composition of the scheelite-bearing hornfels 
is in many aspects indistinguishable from the calc-silicate strongly 
suggesting that the two lithologies were derived by the same process. 
A sedimentary origin for both rocks types is indicated. Scheelite-
bearing hornfels has a chemical composition clearly distinct from the 
two skarn facies that host scheelite mineralisation. Indeed, the only 
unusual feature of the hornfels is the possession of anomalous 
tungsten and fluorine contents. It is therefore concluded that the 




the hornfels is unrelated to skarnification of the 
and skarn- hosted mineralisation. Moreover, 
the hornfels is not spatially associated with late 
stage granite or pegmatite activity and a syn-sedimentary (or at least 




i) Otjua and fine grained granite 
1. Chemical composition: 
The chemical composition of samples from the Otjua granite and the 
fine grained granite are listed in Table 3-6 and compared with the 
composition of average granite compiled by Taylor (1968) and average 
low-calcium granite (Turekian and Wedepohl, 1961; see Table 3-7). 
Although the number of samples analysed is small a few general 
comments can be made. The chemical composition of the Otjua granite 
is very uniform and almost identical to the fine grained variety and, 
in the light of previously discussed relationships to pegmatites and 
structure, the two types may well be cogenetic. The granites from 
the vicinity of the Otjua prospect have chemical compositions midway 
between average granite and average low-calcium granite except for 
higher K20 and lower Na20 contents. The average Otjua granite 
possesses the following distinguishing characteristics: 
1) a high Si02 content with a restricted range 71.66-73.44% 
2) a high K2 0 content : Average = 5.78% 
3) a very high K20/Na20 ratio : Average = 2.3 
4) a high Rb content : Average = 340ppm 
5) a high Rb/Sr ratio : Average= 4.66 
A plot of K2 0 versus Na 2 0 for the five granite samples is shown in 
Fig. 48. The points lie unequivocably in the granite field in good 
agreement with petrological studies which indicated that both the 
Otjua granite and the fine grained granite are true alkali granites. 
The evolved nature of the granite is also evident from the two binary 
plots, Ba versus Rb (Fig. 49) and Sr versus Rb (Fig. 50). Both the 
Otjua granite and the fine grained variety have higher tungsten 
contents than specialised granites (W content of specialised granites 
is 7ppm W· 
' 
Tischendorf, 1977), though in the sample of the Ot~ua 
granite taken furthest away from the Ot~ua prospect tungsten was not 
detected. Similarly, fluorine was only detected in those samples of 
the Otjua granite from closest to the Otjua prospect, albeit in 
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surprisingly low concentrations (F content of specialised granites is 
3,180ppm; Tischendorf, 1977). Although more detailed sampling would 
be required to prove that volatiles are concentrated in portions of 
the granite closest to the ot:ua prospect, the observation that the 
quartz-tourmaline nests are particularly concentrated at sample point 
01112 (see Map 1) suggests that this is so. A point of particular 
note is the lack of Mo in the Ot~ua granite, 
2, Classification of the Ot:ua and fine grained granites: 
A number of classification schemes for granites have been devised by 
various authors, Chappell and White (1974) distinguished between two 
granite series in Australia, those thought to have been derived from 
anatexis of sedimentary units (S-type granite) and those originating 
from igneous source materials (I-type granite). S-type granites 
exhibit the following characteristics: restricted range of Si02 con-
tents (66-75%), high K20/Na20 ratios, high Al203/(K20 + Na20 + !CaO) 
ratios and are enriched in Rb relative to Sr. The granites from Ot:ua 
satisfy all of these four criteria, Beckinsale (1979) suggests that 
the Na 20 content of a granite should be less than 3.2% for granites 
with approximately 5% K20 for it to be classified as S-type, The 
granites from the vicinity of the Ot:ua prospect also satisfy this 
condition, 
Classification of granites on mineralogical grounds by Hine et al, 
(1978) indicate that I-type granites generally contain hornblende, 
while S-type intrusives may contain cordierite and/or muscovite and/or 
garnet as well as biotite, Both the ot:ua granite and the fine 
grained variety contain biotite and very minor muscovite, while garnet 
is sporadically developed at sample locality OT128 and therefore all 
the granites can be considered to be S-type under this classification 
scheme as well, 
Much use has been made in the literature of the elements Rb, Ba and Sr 
as indicators of magmatic fractionation, alteration and accompanying 
mineralisation (Nockolds and Allen, 1953; Taylor, 1964; Exley, 1957; 
McCarthy and Hasty, 1976; Plimer and Elliot, 1979). During late 
magmatic differentiation Rb is concentrated in residual melts while 
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both Ba and Sr tend to be depleted since they have been removed by 
feldspar crystallisation, The high Rb, low K/Rb ratio and relatively 
low Ba contents of the granites surrounding the Ot:ua prospect 
indicate that they are fractionated granites. A ternary plot of Rb-
Ba-Sr (see Fig. 51) after El Bouseily and El Sokkary (1975) indicates 
that the Ot:ua granites plot in or on the edge of the field marked 
"strongly differentiated granites", 
However, when compared to highly fractionated granites associated with 
cassiterite mineralisation in Nigeria (Imeokparia, 1981) and 
Queensland, Australia (Sheraton and Black, 1973) the K/Rb value of the 
Ot:ua granite is relatively high. Similarly, although the Rb/Sr ratio 
for the Ot:ua granites is higher than that of average granite, when 
compared to greisenised granite associated with W-Mo-Bi mineralisation 
at Wolfram Camp (Plimer and Elliot, 1979) where fresh or slightly 
altered granite has an average Rb/Sr ratio of 17, the Rb/Sr ratio from 
Ot:ua is not particularly anomalous, Likewise, the Ca/Sr and Ba/Rb 
ratios of the Ot:ua granite are not particularly unusual when compared 
to late stage granites associated with mineralisation elsewhere in the 
world. Highly fractionated granites associated with cassiterite-
wolframite deposits would plot in the Rb apex of Fig. 51, The 
fundamental difference between the Ot:ua granites and granites that 
that the latter host cassiterite-wolframite mineralisation is 
universally show extensive alteration 
high muscovite and water contents 
and greisenisation 
and mineralisation 
as well as 
within the 
intrusive, These features are absent from the Otjua granite, which 
can be classified as a highly fractionated, anhydrous, S-type alkali 
granite. This is consistent with other studies which indicate that 
the late Damaran (530-460 Ma) is particularly dominated by S-type 
granites (Miller, 1983a), 
3. Comparison between 
granitoids: 
the Otjua granite and other 
One of the main problems 








paucity of data, especially in the Omaruru area. In his investigation 
into uranium genesis in the Damaran, Marlow (1981) has compiled some 
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of the data available for the Damaran granitoids, while Winkler (1983) 
has conducted a more extensive survey of Damaran granitoid 
geochemistry, but he does not quote trace element analyses. The 
geochemical data from the ot:ua intrusives has been plotted onto 
diagrams modified from the first author's work. 
The plot ln CaO/(Na20 + K20) versus Si02 can be used to distinguish 
between calc-alkaline and alkaline granitoid series (Brown, 1979). 
Both the fine grained granite and the ot:ua granite plot with the 
leucogranites in the area between granites and pegmatites (see Fig. 
8 7 / 8 5 52). Moreover, the leucogranites possess ( Sr Sr)
1 
values in excess 
of 0.710 suggesting that they have a crustal origin. The acidic 
nature of both types of granite from the vicinity of the ot:ua 
prospect is highlighted in Figs. 53 and 54. The positive correlation 
between K20 and Rb for Damaran granitoids is shown in Fig.55 which 
also indicates the relative enrichment of these two elements and, more 
importantly, the low K/Rb ratio for the granites from ot:ua. Fig. 52, 
in particular, emphasises the point that granites from the vicinity of 
the Otjua prospect have considerable affinity with Damaran 
leucogranites and alaskites and, that in the Damaran context, can be 
regarded as highly fractionated granites. 
4. Petrogenesis of the ot:ua granite 
The ratio ( 87Sr /8ESr)l has particular application to problems 
concerning the origins of granites since I-type granites tend to have 
low ( 87Sr/ ssSr)l ratios ( usually less than 0.708) while S-type 
granites derived from anatexis of sedimentary or metasedimentary 
precursors have values exceeding 0.708. Xiller (1983a) has 
suggested a lower limit of 0.711 for the initial 87 Sr/ 86 Sr ratio of 
( 87 Sr/ 87 Sr)
1 
of 0.7196 for the S-type Damaran granites. Therefore the 
ot:ua granite (Haack et al., 1983) is highly anomalous and strongly 
suggests that the Otjua granite is derived from upper crustal source 
rocks. Although there is some dispute as to the significance of 
Sr-isotope ratios (Simpson et al., 1979; Plant et al., high initial 
1980) it 
Ot~ua granite 
• 8 7 8 E seems unlikely that the high ( Sr/ Sr)
1 
value of the 
can be attributed to re-equilibration of the Sr-isotope 
system during extensive high temperature meteoric water-magma 
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interaction because of the lack of alteration within the Otjua 
granite. Of all the felsic intrusives analysed in the central Damaran 
to date only red granites associated with uranium mineralisation, 
uraniferous alaskites, 
( 
87 Sr/ 8 ESr)I values in 
1983; Marlow, 1981). 
pegmatites and some leucogranites possess 
excess of the Otjua granite (see Haack et al., 
The Ot~ua granite has an unusually high 6180 value, the highest of all 
intrusives and sediments analysed in the central Damaran to date 
(Haack et al., 1983). On the basis of oxygen isotope composition 
granitic rocks have been subdivided into three main groups (Taylor, 
1977): normal granitic rocks with t 180 values between +6 loo and +lO~x 
high 8180 granitic rocks with 618 0 values in excess of +10~ and 
granitic rocks with 815 0 values less than 6~. 
Granitoids with 618 0 values in excess of +10~ tend to be S-type 
(O'Neil and Chappell, 1977) since the fractionation of oxygen in 
metamorphic rocks and sediments is more extensive than in the 
precursors of I-type magmas. It can therefore be inferred that the 
source rock for the Ot~ua granite had a high component of sedimentary 
material. Indeed, Haack et al. (1983) suggest that the positive 
trend of 
87
Sr/ 86 Sr versus 618 0 of the younger isotopically heavy 
granites from the northern Central Zone is best explained by a source 
material that included "alternating layers of arkoses and 
metavolcanics" (op. cit. p.865). One point of particular note 
discovered by Haack et al, (1983) during their regional investigation 
is that oxygen isotopic fractionations between minerals in the 
granites were normal, "especially no quartz-feldspar reversals were 
noted", indicating very little secondary interaction between meteoric 
water and felsic intrusives in the Damaran. 
The late tectonic age of the Otjua granite is regarded as highly 
significant. The geochemical and isotopic data clearly indicate that 
the intrusive is a residual melt enriched in incompatible elements 
formed during the final phases of Damaran granite intrusion. It is 
suggested that the Ot~ua granite was derived from the products of the 




The pegmatite was analysed for two principal reasons: firstly, to 
determine whether it could be a source of tungsten mineralisation and 
secondly, to test whether the pegmatite is related to the granite 
bodies in the vicinity of the prospect or whether pegmatite has been 
derived by metamorphism of the metasediments, The chemical 
composition of four pegmatite samples from the Ot:ua prospect is 
listed in Table 3-8. Because of the concentration of incompatible 
elements within pegmatites, considerable chemical inhomogeneity in 
this rock type is common and it is therefore somewhat surprising to 
note that the four samples from Otjua have very similar chemical 
compositions. The pegmatite contains higher Si02,Al203 and total 
alkali contents than the granites in the vicinity of the Ot:ua 
prospect with correspondingly lower ferromagnesium and calcium 
concentrations. The more evolved nature of the pegmatite relative to 
the granites is well illustrated on the AFM plot (see Fig. 56). 
However, the K20/Na20 ratio of the pegmatite is lower than that of the 
granite (see Fig. 48) with the result that the former can be 
classified as an adamellite. 
A comparison of the trace element compositions of the granite and 
pegmatite was conducted to test for a genetic link between the two 
lithologies. Ba and Sr contents of the pegmatite are considerably 
lower in the pegmatite than in the granites. As a result the various 
interelement ratios Rb/Sr, Ba/Rb, K/Rb and Ca/Sr, which are all 
commonly used fractionation factors, clearly indicate the more highly 
evolved nature of the pegmatite (see Table 3-8 and Figs. 49 and 50). 
Niobium's incompatibility and subsequent 
phase of a crystallising magma and 
concentration in the liquid 
concentration in highly 
fractionated pegmatite is very common throughout the Damaran. At 
Ot:ua Nb concentrations in the pegmatite are two and a half times 
those of the granites. The conclusion of Drake and Weill (1975) that 
trivalent REE and yttrium are depleted in crystallising plagioclase 
and concentrated in residual phases of 
enrichment of yttrium in the pegmatites 
granites, The significant depletion 
concentrations of Zn, Co, Cr, V and S 
a granite melt could explain 
of Ot:ua relative to the 
of Zr as well as lower 
in the pegmatite are also 
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indications that the pegmatites are fractionated derivatives of the 
granites in the vicinity. 
The other most significant features of the pegmatite are its anhydrous 
nature (LOI = 0.34% compared to 0.62% in the Ot:ua granite), the lack 
of Mo, the very low concentrations of fluorine and the elevated 
tungsten content relative to the Ot:ua and fine grained granites. The 
importance of this is discussed more fully in Chapter 8, but suffice 
to say at this stage that the enrichment of tungsten, a highly 
incompatible element in an anhydrous granitic melt, within the 
pegmatite relative to the granite is deemed to be highly significant. 
Moreover, the development of skarn within the metasedimentary 
sequence, only where crosscutting pegmatite is developed suggests a 
genetic link between the two lithologies. 
The igneous texture of the pegmatite, the very sharp pegmatite/country 
rock contacts, the widespread development of graphic intergrowth 
indicating eutectic crystallisation of quartz and feldspar, the 
similar mineralogy of the pegmatites at the prospect and those in the 
Ot:ua granite and the presence of extensive myrmekite in both types of 
intrusives all indicate that the pegmatites at the Ot:ua prospect are 
derived from the nearby granite. Moreover, the lack of contact 




a late Damaran event and it is suggested that the most 
of the magma is the Ot:ua granite. The highly acidic 
the pegmatites and enrichment in the incompatible 
elements also strongly suggests that the pegmatites are fractionated 
derivatives of the Ot:ua granite. The mineralogical and textural 
banding of the pegmatite can be best explained as growth bands or 
crystallisation fronts that developed as the intruding magma 
crystallised. It is suggested that the schistosity in the 
metasediments represented the line of least resistance for an 
intruding magma resulting in intrusion of magma parallel to 
lithological contacts. This tendency for pegmatite dykes to be 
developed conformable with the strike of the country rock is common 
elsewhere in the central Damaran (Gevers and Frommurze, 1929). 
Therefore an intrusive origin for the pegmatite is preferred over 
models of pegmatite formation invoking alkali metasomatism of 
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metasediments, derivation by partial melting of metasediments or by 
metamorphic differentiation. 
g) Conclusion 
The salient features of this geochemical study are as follows: 
i) The biotite 
calc-silicate and 
schist represents a metamorphosed 





marble is a metamorphosed calcitic limestone. 
ii) Replacement of the marble has occurred in a systematic manner and 
there is evidence that the skarn formation process occurred within an 
open system. The trace element data in particular suggests an acid 
igneous source for the skarn-forming fluid. 
iii) Scheelite mineralisation is hosted both by metasediments and 
found within replacement bodies within marble. 
the calc-silicate and hornfels is thought to 
metamorphic/syn-sedimentary concentrations 
The mineralisation in 
result from pre-
of tungsten. The 
mineralisation in the replacement body is clearly related to the skarn 
formation process. 
iv) The Ot:ua granite is a highly fractionated (in Damaran terms) 
anhydrous S-type granite. The fine grained granite and Ot:ua granite 
have similar chemistries and are presumed to be co-genetic, both 
having been derived from sedimentary precursors. 
v) The pegmatite at the Ot:ua prospect prospect is unmineralised. 
The suggested source of the pegmatite is the Ot:ua granite. 
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6. MINERAL CHEMISTRY 
a) Introduction: 
It was decided that an investigation into the mineral chemistry of the 
three skarn facies would help elucidate the nature of the metasomatic 
process as well as possibly provide data for determination of the 
P/T conditions under which the skarn system developed. For example, 
several garnet-pyroxene geothermometers have been described in the 
literature (Finnerty and Boyd, 1984). Therefore, electron microprobe 
analyses of scapolite and pyroxene from the three skarn facies (and 
suspected transitional assemblages) as well as determinations of 
idocrase and garnet compositions were undertaken. Analyses of 
pyroxene and scapolite from the scheelite-bearing hornfels and calc-
silicate were determined for comparison with those from the skarn. A 
list of all sample localities is given in Tables 6-1 and 6-2. 
b) Skarn: 
i) Minerals present in all three skarn facies: 
1) Scapolite: 
Scapolite compositions for the various skarn facies as well as for 
two intermediate assemblages (from boreholes OT14 and OTlS) are 
given in Table 7-1. Scapolites form a solid solution series 
between the two end members chloride marialite,Na4(Al3Si9024)Cl, 
and carbonate meionite, Ca4(Al5Si5Q24)C03 , the main substitution in 
the series being K +Na+Si ~ Ca + Al (Deer et al., 1966). Atomic 
proportions for the analyses in Table 7-1 have been calculated on the 
basis of Al+ Si atoms = 12.0 following the methods of Evans et al. 
(1969) and meionite components (%Me) have been determined from the 
ratio (Ca + Mg + Fe +Mn+ Ti)/(Ca +Na+ K +Mg+ Fe+ Mn+ Ti) as 
suggested by Deer et al. (1966). 
In all three facies of skarn considerable compositional variations 
were noted both between scapolite grains within the same microprobe 
section and even within single grains. Although numerous analytical 
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traverses across scapolite grains were completed, no systematic 
variations from the core to rim of crystals were discovered, In the 
few examples where differences in chemical composition between the 
cores and edges of grains were noted, the scapolite grains possess a 
meionite-rich core (see analyses 14 and 15, Table 7-1), The 
compositional limits of scapolite recorded in the literature are 
between 17,4 and 87.3% of the meionite component (Deer et al., 1966) 
but some analyses from Ot~ua exceed this upper limit (see Table 7-1). 
A substitution index, 
versus Cao content for 
(Si02 + Na20 + K20)/(CaO +Al203) is plotted 
all skarn scapolite analyses (see Fig. 57). 
The diagram illustrates several important points, Firstly, scapolites 
from the garnet facies tend to be the most calcic of all facies, 
although there is a considerable overlap in chemical composition with 
those from the idocrase facies. CaO contents of scapolites from the 
garnet facies range from 17.5 to 21.0wt%, compared to between 16.8 and 
18.9wt% in the idocrase facies, 
Secondly, scapolites from pyroxene facies 
composition from the other two facies, 
contents and CaO concentrations in the 
transitional nature of the OT14 borehole 
24649) between garnet and pyroxene facies 
skarn have a different 
possessing higher alkali 
range 12.3-13,5wt%, The 
mineral assemblage (slide 
skarn is readily apparent 
from Fig, 57, The large compositional variations of scapolites within 
individual microprobe sections is exemplified by the analyses from 
slide 24649 where CaO contents of the scapolite vary between 12,9 and 
22,lwt%. These large variations in scapolite chemistry either 
indicate disequilibrium at the time of scapolite formation or that the 
scapolite crystallised from a fluid of rapidly changing composition. 
A most interesting discovery of the investigation into scapolite 
chemistry is the fact that variations in scapolite composition are 
closely related to scheelite distribution in both the idocrase and 
garnet facies, Scapolites from the idocrase facies that contain more 
than 18.5wt% CaO are associated with scheelite mineralisation (slide 
24472), while those portions of idocrase skarn containing less calcic 
scapolites are essentially devoid of scheelite (slides 24475 and 
24476). Similarly, scapolites from the garnet facies intimately 
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associated with tungsten mineralisation are considerably more 
meionitic than those from barren skarn. This noteworthy discovery is 
highlighted in Fig. 58 where the average Cao contents of all 
scapolites analysed from each thin section have been plotted against 
the W03 content of the particular 15-25cm length of core from which 
the thin section was cut. Scapolites with Cao concentrations in 
excess of 18.Swt% are associated with ore grade scheelite 
mineralisation regardless of facies. 
This suggests that scheelite formation and scapolite chemistry, 
throughout the skarn system, were controlled by the availability of 
calcium ions. The occasional development of scapolite with Ca-rich 
cores and the textural evidence indicating early crystallisation of 
scheelite and scapolite suggests that aCa2+ was greatest during the 
earliest stage of skarn formation (see discussion in Chapter 8). 
One borehole, OTS, (see Map 2) was selected to test whether scapolite 
chemistry varies across the garnet facies in relation to tungsten 
distribution (see Fig.59 for mineralogical variations across borehole 
OTS intersection). Scapolites from the scheelite-barren hanging wall 
(slides 24626 and 24627) have average Cao contents of 17.Swt% and 
17.7wt% respectively, while those scapolites associated with scheelite 
mineralisation on the footwall side of the skarn (slides 24628 and 
24630) possess average Cao concentrations of 20.3 and 19.9wt% (see 
Fig. 60). This implies that the activity of calcium ions during skarn 
formation was highest on the (structural) footwall side of the Rossing 
Formation. 
2) Pyroxene: 
Representative analyses of pyroxene from the various skarn facies are 
listed in Table 7-2, while a comprehensive summary of pyroxene 
composition within the skarn system is given in Fig. 61. None of the 
pyroxenes from any of the skarn facies exhibit systematic 
compositional zoning from rim to core although minor compositional 
variations within grains were recorded. 
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Pyroxenes from the idocrase facies are the most magnesium-rich of all 
skarn pyroxenes at Ot~ua, ranging in composition from 58.5mol%Hd to 
67mol%Hd and from 6.2 to 9.3mol%Jo (see Fig. 61). Concentrations of 
manganese in pyroxene are highest in the garnet facies where 
compositions range from 71.3mol%Hd to 83.lmolHd while the Jo content 
varies between 6.0mol% and 12.5mol% (see Fig. 61). Pyroxenes from the 
pyroxene facies 
in composition 
a re the 
from 80 .8 
most ferrous of all skarn pyroxene and range 
to 88.lmol%Hd and from 3,2 to 4.6mol%Jo. 
Magnesium concentrations in pyroxenes from the garnet and pyroxene 
facies skarns are similar (see Fig. 61). Pyroxenes therefore exhibit 
considerable compositional variation within each facies but each 
facies possesses pyroxene of characteristic composition. 
From Figs. 61 and 62 an evolutionary trend towards Fe enrichment with 
progressive replacement of the marble is apparent. The presence of 
pyroxene of intermediate composition in the transitional facies 
(boreholes OT14 and OTIS) clearly demonstrates a genetic link between 
the facies. This tendency towards ferrous and manganese enriched 
pyroxene in the later stages of prograde growth of calcic tungsten-
bearing skarn is very common worldwide (Einaudi et al., 1981) 
Because of the mineralogical zoning across the width of the garnet 
facies (see Fig.IO), it was decided to test for variations in pyroxene 
composition across the skarn. Two boreholes, OTS and 17 (see Map 2), 
were selected for this study, skarnification of the Rossing Formation 
being complete in OTS and incomplete in OT17 Visual estimates of 
garnet and pyroxene percentages as well as W03 and fluorite 
distribution across the width of the skarn are given in Figs. 59 and 
63. Note how the distribution of mineralisation and silicate minerals 
across the OTS skarn intersection closely follow the observations 
discussed in Fig.IO, while although the systematic zonation is not so 
well developed in the skarn intersection of borehole OT17, a garnet 
and scheelite-rich core zone is clearly identifiable. 
Compositions of pyroxene from a traverse across the OT5 borehole skarn 
intersection are shown in Fig. 64. Pyroxenes from the hanging and 
footwall peripheral zones are magnesium-rich (76.4-79.5mol%Hd, 6.0-
9.3mol%Jo) while those from the garnet and scheelite-rich core zone 
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(slides 24628 and 24629) on average have higher Hd and Jo components 
(79.5-83.0mol%Hd and6.5-ll.Omol%Jo). However, although the core of 
the garnet facies skarn is obviously enriched in manganese and iron, 
the Mn/Fe ratio of the pyroxene is relatively constant across the 
skarn. In contrast, no such systematic variation in pyroxene 
composition was noted in the traverse across the OT17 skarn 
intersection (see Fig. 65). All pyroxenes, with the exception of 
those from sample 24637, comprise between 78.9 and 82.6mol%Hd and 
between 8.0 and 12.5mol%Jo. Pyroxenes from slide 24637 are 
anomalously rich in magnesium. The reason for the less systematic 
variation in pyroxene composition across the OT17 skarn is almost 
certainly related to the less systematic mineralogical zonation. 
This study has served to highlight several mineralogical and chemical 
features of the skarn, On the deposit scale the skarn system has 
developed in a broadly systematic manner. However, on the local scale 
considerable chemical disequilibrium during skarn formation is 
indicated, 
ii) Minerals specific to a particular facies: 
1) Idocrase from idocrase facies skarn: 
The ideal formula of idocrase has been reported by Deer et al. (1982) 
as Ca19(Al,Fe)1o(Mg,Fe)3(Si207) 4 (Si0 4 ) 10 (0,0H,F) 10 , but there has been 
considerable dispute as to the exact structure of idocrase because of 
its complex and variable composition (see Deer et al., 1982 for 
discussion). In spite of the uncertainty over the true formula of 
idocrase, early investigators discovered that the structure of 
idocrase is very similar to that of grossular garnet (Warren and 
Modell, 1931). Partial analyses of idocrase from idocrase facies 
skarn are given in Table 7-3, cation proportions having been 
calculated on the basis of 78 oxygens. 
No systematic variations in chemistry were noted between the cores and 
rims of idocrase grains, although it must be emphasised that, due to 
the very large size of the crystals, considerably more analytical work 
is necessary to prove or disprove the presence of zonation, The 
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concentric colour rings developed around the z-axis of idocrase prisms 
suggest that trace elements, at least, are unevenly distributed within 
the mineral. Idocrase composition is surprisingly uniform throughout 
the idocrase facies at ot:ua, no ma:or differences being noted between 
idocrase from the three borehole intersections (see Table 7-3). This 
homogeneity is unexpected when it is considered that the volatile 
fraction was not analysed and there is, therefore, some uncertainty as 
to the precision of the data. Certain unaccountable chemical 
inhomogeneities do exist, for example, in both slides 24625 and 24472, 
while concentrations of Cao, FeO, MgO and MnO are remarkably constant, 
local sharp increases in Ti02 content with a corresponding decline in 
Al 2 03concentration and vice versa were noted. 
TiO~ contents in the idocrase are normally in the range 0.9-l.2wt% 
(see Table 7-3) although locally may vary from 0.2-l.8wt%, 
while Al203 contents may be as low as 15.lwt%. MnO contents of the 
ot:ua idocrase (0.58-0.7lwt%), while not highly unusual, are above 
average concentrations for idocrase (see Deer et al., 1982) and the 
low MgO contents (l.l-l.7wt%) mean that the idocrase from Ot:ua can be 
classified as magnesium-poor. 
for OH in the anion position. 





is uncertainty as to the true distribution of elements 
the ternary plot Fe-Mg-(Al + Ti) has been used by 
to summarise idocrase chemistry. For example, 
used a Fe-Mg-(Al + Ti) plot to distinguish between 
iron-rich idocrase developed in metasomatic tungsten skarn at the Pine 
Creek mine and iron-poor idocrase derived during metamorphism of calc-
silicate marble in the metasediments that enclose the skarn at Pine 
Creek. The data from Ot:ua and the two compositional fields of 
Newberry (1982) are plotted in Fig.66, the idocrase from ot:ua falling 
squarely in the "metasomatic" idocrase field. 
2) Garnet from garnet facies skarn: 
Representative analyses of garnet from the Ot:ua skarn are listed in 
Table 7-4 and can be broadly classified as grossular garnets. Atomic 
proportions and mole percentages of end members for the garnets from 
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Ot:ua were calculated on the basis of 12 oxygens following the methods 
of Shimazaki (1977). Since Fe
2
+ /Fe 3+ ratios of the garnet were not 
determined, a proportion of iron is assumed to be in the ferrous state 
and therefore some Fe is subtracted from the total Fe content so that 
3+ atomic Al+ Fe = 2.00. The trivalent site is essentially occupied 
by Al and minor Fe, the divalent sites by Ca, Mn and Fe, 
Unlike the other silicate minerals developed in the Ot:ua skarn, 
garnet occurs as anhedral grains or intergrown, anastomosing masses, 
making it almost impossible to distinguish between early and late 
crystallising phases of the garnet, This presented serious problems 
in deciding what portions of the garnet to analyse. Large 
compositional variations within individual garnet grains over very 
short distances ( <50 microns) as well as between garnet grains within 
an individual polished section were noted. These variations are not 
systematic, i.e. garnets from the Ot:ua skarn do not have Ca-rich 
cores with Fe and Mn enriched rims, which is common in some scheelite 
skarns (Dick and Hodgson, 1982). However, not all garnet grains from 
the Ot:ua skarn are zoned, Several analytical traverses were 
conducted over grains which possess uniform composition and garnets 
that show no compositional variations are often in contact with grains 
showing marked oscillatory zoning. A good example of a garnet grain 
exhibiting non-systematic, but substantial variations in composition 
is a grain that poikiloblastically encloses a scheelite crystal in 
slide 24659, Traverses were conducted as shown in Fig. 67, variations 
in composition are summarised in a ternary plot (see Fig. 68) and 
three representative analyses are given in Table 7-4. 
Although an extensive amount of electron microprobe analysis was 
completed specifically to understand the zoning within garnet at 
Ot:ua, no systematic patterns were detected and it can only be 
concluded that the garnet crystallised from a fluid of constantly 
changing composition. The late stage nature of the garnet suggests 
that the garnet formed from residual fluid. Substantial variations in 
skarn garnet chemistry have, however, been noted by several workers, 
e.g. Burton ~~· (1982) and Mathieson and Clark (1984) and thus the 
situation at Ot:ua is not atypical of skarn deposits. 
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The most significant features of garnet chemistry at Ot:ua are the 
very low MgO contents (ND 0.16wt%), substantial FeO and MnO 
concentrations (6.12-14.56wt% and 3.28-9.29wt% respectively) and the 
high proportions of calcium and aluminium (19.61-32.18wt% and 19.42-
20.74wt% respectively) which result in the mol% grossular component 
seldom being less than 68%. A summary of garnet chemistry at Ot:ua is 
given in Fig. 69. Garnets from the transitional idocrase/garnet 
facies (borehole OT15) have the highest Ca contents of all analyses, 
while Fig. 69 emphasises the broad trend of increasing Fe and Mn 
substitution for Ca within the garnet facies. However, garnet 
composition does not appear to be related to its spatial position 
within the orebody: garnets from the OT26 borehole intersection (see 
Long. Sect. 1) are indistinguishable from samples taken on surface. 
Similarly, although low-calcium garnets are present in the OT12 
borehole intersection (which lies closest to the transitional 
garnet/pyroxene facies), some of the garnets analysed from surface 
samples have a similar chemistry. 
iii) Conclusion: 
Several important conclusions can be drawn from this study of the 
mineral chemistry of the Ot:ua skarn: 
1) A genetic link between the three facies of skarn has been clearly 
demonstrated. The variations in pyroxene composition throughout 
the Ot:ua skarn are very similar to those observed at several 
other rnetasornatic tungsten skarns, for example, the Strawberry 
Mine, California (Nokleberg, 1981, p.122). 
2) The first skarn minerals to form exhibit considerably more 
3) 
homogeneity than is common 
scale the skarn system 
assemblages, with garnet 
variation. 
The few scapolite grains 




However, on the local 
disequilibrium mineral 
extensive compositional 




distribution are closely linked in the skarn system. 
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4) Unfortunately, because of the high variances of the skarn mineral 
assemblages and the large solid solution ranges of the pyroxene 
and garnet, it is not possible to determine the P/T conditions 
under which the skarn has formed. However, a model for the skarn 
formation process is discussed fully in Chapter 8. 
5) In terms of the mineralogical guidelines suggested by Newberry 
(1979b) and listed by Einaudi et al. (1981, p.337) the ot:ua skarn 
can be classified as a reduced tungsten skarn because: 
i) The pyroxene-garnet ratio at ot:ua is approximately 2 : 1 




iii) The garnet at ot:ua is andradite-poor 
iv) The diagnostic opaques at Ot~ua are 
chalcopyrite 
Metasediments: 
Scapolite in scheelite-bearing hornfels: 
pyrrhotite and 
Representative analyses of scapolite from one sample of scheelite-
bearing hornfels are given in Table 7-1. Atomic proportions and 
meionite components have been calculated as previously discussed. 
Scapolites in the hornfels do not possess chemical zoning and are 
highly calcic, meionite components ranging between 79.7% and 82.7%. 
Although the study of scapolite chemistry in the metasediments is by 
no means extensive, the association of highly calcic scapolites with 
scheelite mineralisation and interstitial carbonate, marl formation 
and carbonate development is highly significant. 
this is discussed more fully in Chapter 9. 
ii) Pyroxene in scheelite-bearing hornfels: 
The importance of 
Several analyses of pyroxene from scheelite-bearing hornfels were 
completed and are listed in Table 7-2. Traverses across individual 
grains indicate 
with petrographic 
that the hornfels pyroxenes are unzoned - consistent 
studies which indicate the presence of a stable 
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metamorphic assemblage. The composition of pyroxenes from scheelite-
bearing hornfels varies considerably, pyroxenes tending to possess 
higher diopside components (Di 33 . 5_45 _5 ) than pyroxenes from the 
various skarn facies, although some examples have the same composition 
as the most Mg-rich pyroxenes of the idocrase facies (see Fig. 61). 
Manganese contents of hornfels pyroxene (Jo 3 . 4_7 . 5) tend to be lower 
than idocrase and garnet facies pyroxenes (see Fig. 61). Fig. 62 
shows that skarn pyroxenes tend to be more calcic than pyroxenes from 
hornfels as well as indicating that, in general, pyroxene chemistry is 
markedly different in the two lithologies. 
iii) Pyroxene in calc-silicate: 
Representative analyses of pyroxene from calc-silicate are listed in 
Table 7-2 and plotted in Fig. 62. Cale-silicate pyroxenes possess a 
higher diopside component than scheelite-bearing hornfels and skarn 
pyroxenes. 
iv) Conclusion: 
The following conclusions can be drawn from this study: 
1) Skarn minerals are enriched in Fe and Mn and depleted in Mg 
relative to those minerals produced by metamorphism of the 
metasediments. This finding is similar to that of Newberry 
(1982), who noted that pyroxene, garnet and idocrase derived by 
essentially isochemical metamorphism of sediments in the vicinity 
of the Pine Creek Mine are iron-poor relative to metasornatic 
silicates. 
2) Scheelite mineralisation in both the skarn and the hornfels is 
associated with highly calcic scapolite, the relevance of which 
is discussed more fully in Chapters 8 and 9. 
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7. STABLE ISOTOPE INVESTIGATION 
a) Carbonate 
i) Introduction: 
From the petrological, geochemical and mineralogical investigations 
discussed in the preceding chapters it is apparent that a large 
quantity of elements has been introduced into the Rossing Formation 
marble to form the replacement skarn. Investigations into metasomatic 
replacement bodies elsewhere indicate the involvement of an 
essentially hydrous fluid in the skarn forming process (e.g. Kerrick, 
1977). Brown et al. (1985) have used the stable isotope composition 
of minerals within tungsten skarns at Pine Creek to elucidate the 
origin and history of ore-forming fluids, while Taylor and O'Neil 
(1977) have conducted an extensive study on skarn formation in the 
Osgood Mountains with the aid of stable isotopes. 
It was therefore decided to look at the isotopic composition of the 
carbonate within the Rossing Formation marble and skarn to discern: 
1) the origin of the skarn forming fluid, and 2) to compare the 
isotopic composition of skarn calcite with interstitial calcite from 
the scheelite-bearing hornfels. This might reveal genetic differences 
in the two styles of mineralisation. Furthermore, it would be 
interesting to know whether there is an isotopic alteration halo 
surrounding the skarn in visibly unaltered marble, This would have 
relevance in exploration for concealed skarn deposits. 
The systematic 
Epstein, 1962a, 
fractionation of isotopes between minerals (Taylor and 
1962b; Taylor, 1967) and the temperature dependence 
of these fractionations mean that isotopes have many applications in 
geothermometry. Furthermore, isotope fractionations are independent 
of pressure (Clayton et al., 1975). Several authors (Valley and 
O'Neil, 1981 and Kreulen and van Beek, 1983) have discussed the 
possibility of using the isotopic composition of coexisting calcite 
and graphite as a geothermometer to determine peak metamorphic 
conditions and since these minerals coexist in the Rossing Formation 
marble an attempt to use this geothermometer was made. 
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Finally, minor interstitial calcite from an unusual pegrnatite was 
analysed isotopically for use in a quartz-calcite geothermometer to 
establish the temperature of formation of the pegrnatite (see section 
7c). 
ii) Analytical Procedure: 
Calcite crystals were handpicked from rock samples crushed and dried 
in the oven overnight at 110°C. Whole rock samples were ground for 
twelve minutes in the carbon steel mill. Twenty milligram samples of 
the carbonate (or 500 milligrams of the whole rock) were then reacted 
overnight with 100% H3P04 at 25°C (McCrea, 1950; Sharma and Clayton, 
1965). The CO 2 was extracted and analysed on a VG Micromass 602E mass 
spectrometer in the Department of Archaeology, UCT. All samples were 
run in duplicate. Repeat samples run on the same day had an average 
error of less than 0.1~ though reproductibility over a longer 
period is more like 0.154. All 6160 values are reported in the 
standard delta notation relative to SMOW and all c13C values are 
reported relative to PDB. Isotopic fractionation between two 
compounds A and B is defined as follows: 
6A/ iOOO +OB) which is approximately 6A -6B. 
L(A - B) = 10 31n(l000 + 
iii) Rossing Formation: 
1) Results: 
Isotopic composition of the marble calcite 
Table 8 lists isotopic analyses of calcite from the Rclssing Formation 
(see also Fig.70) from: a) in the immediate vicinity of the ot:ua 
replacement skarn, b) at various localities up to 2km along strike 
from the replacement body, and c) at two localities within the 
Okakombo horst structure on the farm Tjirundo Sud. The average 
isotopic composition of the calcite from the R6ssing Formation marble 
is as follows: 618 0 = 15.51o0 (standard deviation = 0.3) and 613c = 
+O.lL (standard deviation= 0.6). 
compositional variation, notably in the 
Although there is a small 
o13C value, no systematic 
spatial differences are apparent. In the immediate vicinity of the 
ot:ua prospect, the isotopic composition of the marble is very 
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uniform. Of particular interest is the fact that there is little 
compositional difference between samples taken within as little as 
five centimetres of the skarn (e.g. sample OTS-26-0008) and samples 
taken up to 2km away from the replacement body e.g. OTS-00-01. This 
indicates that the skarn-forming fluid has not formed an isotopic 
alteration halo in the enclosing marble and that isotopic analysis of 
marble to locate blind skarn deposits would be of no use. 
Furthermore, the similarity in isotopic composition of the Rossing 
Formation on Tjirundo Sud supports the stratigraphic correlation 
between the domal structure within the Okakombo horst and the sequence 
at Ot:ua and, moreover, indicates that the Otjua granite has had no 
modifying influence on the isotopic composition of the Rossing 
Formation marble on a regional scale. 
Isotopic composition of the skarn calcite 
Table 9 lists isotopic analyses of interstitial calcite from the 
idocrase and garnet facies skarn developed at the Otjua prospect. 
Calcite is not present in the pyroxene facies. The average 616 0 
composition of the skarn calcite is 15.3%, 
0.1) and the average 613 C value is -5.1~ 
(standard deviation= 
(standard deviation= 
0.6). The data are plotted in Fig. 70. The most important features 
of note are: the similarity of the c1eo value of the skarn calcite 
and the marble calcite; the depletion of the 613 C composition to 
values exhibiting a large range from -4.2% to -5. 9 %c 
there is no systematic variation in isotopic composition between 
idocrase and garnet facies calcite. 
2) Discussion: 
The essential features to be explained are a significant reduction in 
the 613 C value of the skarn calcite and the similarity of the 6180 
values of the skarn and marble calcite. 
Carbon: Hoefs (1980) has summarised the three ma:or sources of carbon 




marine limestones with average C jC values near zero 




3) organic carbon from sedimentary rocks with o13C lighter than 
-207oc , 
Hoefs' o13 C value of~ zero for marine limestones has been well 
established (see Veizer and Hoefs, 1976). The Rossing Formation 
marble is interpreted as a shallow marine carbonate and therefore 
its c13c value of +o, l!oc is consistent with this interpretation, 
Hoefs' range of o12c values for ,:'uvenile carbon is based on 
investigations into kimberlites and carbonatites (Baertschi, 1957 and 
Taylor et al., 1967). More recently Taylor and O'Neil (1977) 
interpreted o13c values of -8.0 + 1.0:c for skarn calcite from the 
Osgood Mountains, Nevada as having a magmatic source, Brown et al. 
(1985) came to a similar conclusion when interpreting skarn calcite 
values of between -5. 6:-;, and -10 • 2~oc f rorn Pine Creek, 
California. Thus, the simplest interpretation of the c i :::c 
value of -5, lice for the Otjua skarn calcite is that it has a 
significant magmatic component. 
However, although the rna,:'ority of hydrothermal deposits have carbonate 
with 013C values in the range -5%c to -81".c ' it must be remembered 
that since calcite was not one of the first minerals to crystallise 
within the skarn, skarn calcite may have been in equilibrium with a 
fluid whose composition was different from the initial fluid. The 
fluid that formed the skarn at Ot,:'ua was presumably CO 2 rich (see 
discussion in Chapter 8 ) and there would have been a fractionation 
of 1 3 C between the CO2 in the fluid and calcite in equilibrium with 
it. At a temperature 
temperature of skarn 
of 500°C 
formation) 
(an approximate estimate of 
D
13
C(C02- Cc)= 2.8, (Bottinga, 
1968), i.e. skarn calcite with a o13C value of -5.17~ would be in 
equi li bri urn with a CO: rich fluid with a o13C value of -2.3 %0 
Furthermore, low 
1 3 
6 C values are not proof of an igneous origin for a 
hydrothermal fluid. Interaction between a hydrothermal fluid and 
graphite at the Bluebell deposit, British Columbia and at Panasqueira, 
013 C value to -!Zc and -14~o respectively Portugal lowered the 
(Rye and Ohmoto, 1974). At Ot,:'ua, 6 1 'C(Cc - Gr) averages 4.3 (see 
section on calcite-graphite geothermornetry), but the small volume of 
graphite ( <2%) in the marble indicates that this mechanism cannot 
fully account for the reduction in the However, the 
77 
concentration of graphite within certain layers within the marble may 
61~ account for the range of ·c values in the skarn calcite, 
Oxygen: 
Marine limestones have 6180 values in the range +20 ;~ to +28 700 
(Keith and Weber, 1964), though Precambrian limestones tend to have 
lower 618 0 values (Veizer and Hoefs, 1976). However, volatilisation 
of carbonate during prograde metamorphism at temperatures in excess 
of 192°C evolves CO 2 that is enriched in 
13C and 180 relative to the 
rema1n1ng calcite (Bottinga, 1968) causing a depletion in the 6180 
and 613 C values of the marble (Taylor and O'Neil, 1977), Reduction 
of 618 0 values of carbonate rocks due to isotopic exchange with the 
enclosing country rocks during peak metamorphic conditions is also a 
well known phenomenon. Therefore, the o::o value of 15,5;;,, for the 
Rossing Formation marble is not unusual for a metamorphosed marine 
limestone, If the 61 "0 value of the carbonate was reduced during 
metamorphism, the pre-metamorphic 613 C value of the Rossing Formation 
marble was probably in excess of 0.1%, 
The fact that the 618 0 composition of the skarn calcite is so high 
implies that the fluid in equilibrium with the skarn calcite was also 
enriched in 18 0. At a temperature of 500°C (suggested temperature of 
skarn formation) 618 0(CaC0 3 H20): 1,8 (O'Neil et al., 1969) 
i.e. skarn calcite with a 
equilibrium with water with a 
6 l 8 Q Va 1 U e Of 1 5 • 3 %c 
618 0 value of 13.5~. 




such a high 618 0 value is almost certainly not meteoric in 
618 0 isotopic composition of Precambrian 
unknown, present day meteoric waters range meteoric 
Although the 
waters is 
in composition from -ss:c in the polar regions to approximately 
0%0 in equatorial regions (Taylor, 1974). Water with a 6180 value 
of 0%0 would be in equilibrium with calcite with a 618 0 value of 
15,3ioc at a temperature of 120°C (O'Neil et al., 1969), a rather 
improbable skarn formation temperature. The restricted range of 618 0 
values of the skarn calcite indicates a fluid of constant composition 
and a juvenile source is far more likely. The isotopic composition of 
a juvenile fluid will not only be controlled by the 618 0 value of the 
igneous magma since temperature will control the fractionation of 18 0 
between water and magma. However, since isotopic fractionations tend 
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to be minimal at temperatures of 600-700°C (most likely temperature of 
hydrothermal fluid at time of release from granite), the isotopic 
composition of a fluid will approximate the composition of the parent 
igneous body. The isotopic composition of the ot:ua granite is 
remarkably similar to the skarn calcite (15.3~ for skarn calcite 
versus 15.lZc for ot:ua granite: Haack et al., 1983). Due to the 
similarities in oxygen isotope composition of the reservoirs, the 
"mixing line" (see Fig.70) has a vertical gradient. Thus a 
preliminary interpretation of the isotope data suggests that the 
source of the skarn-forming fluid is the ot:ua granite. 
However, as discussed previously, simple volatilisation of calcite 
during metamorphism results in a depletion of c13 C in the residual 
calcite. During skarnification of the Rossing Formation marble 
considerable CO 2 was evolved during calcite dissolution and thus the 
possibility cannot be excluded that the reduction in the 513 C value of 
the skarn calcite was due to decarbonation and not the involvement of 
an igneous fluid. Depletion of 18 0 would almost certainly not be as 
extensive due to the large reservoir of oxygen that is in the rock or 
fluids from which the silicates crystallised. Moreover, a skarn-
forming fluid with a high c1 c0 value would essentially buffer against 
any tendency towards depletion of the c18 0 value of skarn calcite. 
Two extreme cases are considered here: firstly, where evolved 
CO2 remains in contact with and is able to isotopically exchange with 
the remaining calcite and subsequently evolved CO2, i.e. a closed 
system in which fractionation would be small. Secondly, in an open 
system, evolved CO2 which is removed from the rock cannot exchange 
with calcite or late CO2. This would result in the maximum depletion 
of the carbon value and can be treated by a Rayleigh fractionation 
model. 
Volatilisation of the marble: 613C depletion within a closed system: 
During decarbonation the depletion of 13C in calcite depends on the 
amount of calcite that is dissociated and the fractionation of 1 t 
between the two compounds CO2 and calcite. The latter has been 
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calculated for various temperatures by Bottinga (1968). The degree of 
depletion is therefore given by the following equation: 





13C composition of the remaining calcite, 
612c 
system 
be +o.1 foe 
marble, see 
is the value of the marble (in this case 613C will 
- the average 613C value of the R6ssing Formation 
Table 8), a is the fractionation factor for 13 C between 
CO: and calcite 
removed as CO2. 
and X 
CO;: 
is the percentage of carbon that has been 
Although there is some uncertainty regarding the skarn formation 
temperature, 500-550°C seems a reasonable estimate for those portions 
of skarn that contain signifiant calcite. The fractionation of 13C 
between carbon dioxide and calcite is at a maximum at 470°C (see 
Bottinga, 1968). Depletions of 13c in the calcite have been 
calculated for various temperatures (see Table 10) and are plotted in 
Fig. 71. Fig. 71 indicates that at 550°C a system with only 5% 
calcite (modal average for the idocrase facies) should show a 613C 
depletion from O. 1 he to Garnet facies skarn (1-2~ 
calcite) should show a 513C depletion to -2.6;°". Both these 
values are considerably heavier than the observed average value of 
- 5 • 1 foe for the two facies (see Table 9). Therefore, simple single 
stage volatilisation of CO 2 from within a completely closed system is 
unlikely to have been responsible for the reduction in the 613C value. 
Volatilisation of the marble: 613C depletion within an open system 
In this case, all the CO2 that is released by the decomposition of 
calcite is assumed to have been removed from the marble and has not 
exchanged with the remaining calcite or subsequently evolved CO 2 • 
Modelling of the volatilisation process is given by Rayleigh 
f i (c\-1) 
fractionation (Matthews and Kolodny, 1978) R /R = F ; where 
Ri and Rf are the initial and final 13C values respectively, Fis the 
fraction of carbonate remaining in the rock and a is the fractionation 
factor for the relevant temperature. As discussed previously, it has 
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not been possible to obtain an estimate of the temperature of 
formation for the Ot~ua skarn, although a temperature in the region of 
is considered reasonable, Table 11 lists the 500-550°C 
calculated 
1 -6 jc depletions at 200°c, 300°C and 500°C within an open 
system and the values are plotted in Fig, 72. The rate of depletion 
in the o13 C value for the initial 60% of the calcite is similar to 
that evaluated in the closed system model, thereafter it decreases at 
a much faster rate. The calculated depletions in the o13C value at 
500°C indicate a 
approximately -11~ 
o13 C value of -8. 3 7"' for the idocrase facies and 
for the garnet facies. 
lighter than the average observed figure of -5.1~ 
Both values are much 
for skarn calcite 
(see Table 9). Even at lower temperatures, e.g. 300°C and 350°C, the 
calculated depletions in the 61 "c value of the remaining calcite are 
significantly lower than the observed values. However, both the 
closed and open systems modelled here are ideal systems and the 
possiblity that decarbonation occurred 
cannot be discounted. 
in a partially open system 
The main problem with accepting that decarbonation alone can account 
for the reduction in the 613c value is the lack of distinction in o13 C 
composition between the idocrase and garnet facies, Calcite is a very 
minor component in the latter (1-2~) while it is fairly extensive in 
the former (up to 15~). Furthermore, the modal average of 5% for the 
idocrase facies has been calculated on the basis of two whole rock 
analyses - 10k would be a more reasonable estimate, Decarbonation in 
a partially open system would almost certainly have resulted in ma~or 
differences in isotopic composition between the two facies because of 
the very rapid increase in rate of depletion in c13 C with such small 
quantities of residual calcite (see Fig.72), 
3) Conclusion: 
The most plausible explanation of the carbon and oxygen isotope data 
is the interaction of a magmatic fluid with a marine carbonate. The 
very limited range of high 618 0 values in the skarn calcite indicates 
the presence of a fluid with a constant isotopic composition and the 
suggested source of this fluid is the Otjua granite, Fluctuations in 
- 1 ; 
the 0 -c values of the skarn calcite which has an essentially :uvenile 
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signature may be accounted for by local concentrations of graphite in 
the Rossing Formation marble which has a o 1 3C value considerably 
lighter than coexisting calcite, Simple decarbonation of the calcite 
in a partially closed system would result in depletion of o1 3c to 
values similar to those that are observed in the skarn, However, the 
idocrase facies and garnet facies calcites are indistinguishable 
isotopically - according to the volatilisation model they should be 
different due to the different amounts of calcite within the facies. 
Furthermore, volatilisation of the marble would be unlikely to produce 
skarn calcite with such a uniform 6180 value, Moreover, petrological 
evidence indicates that the majority of the calcite is interstitial to 
other minerals, i.e. crystallised late in the paragenetic sequence, 
iv) Scheelite-bearing Hornfels: 
1) Introduction: 
Several of the scheelite-bearing hornfels that enclose the R6~sing 
Formation marble/skarn contain small, but significant amounts of 
calcite (up to 5%). As discussed previously, these hornfels are 
considered to represent metamorphised marls. However, the presence of 
scheelite within these hornfels begs the questions of whether the 
scheelite could have been introduced into the hornfels at the same 
time as the skarn was formed, or whether the marls provided the 
tungsten now hosted by the skarn. The carbon and oxygen isotope 
composition of the calcite within the hornfels was investigated to try 
and discern the origin of the carbonate. Eight samples of scheelite-
bearing hornfels with high tungsten contents (up to l.4%W) were 
selected for analysis: four from the hornfels that enclose the skarn 
at Ot~ua and four from the hornfels that enclose the Rossing Formation 
marble on Tjirundo Sud (see Mapl). 
2) Results: 
The results are listed in Table 12 and plotted in Fig. 70. A large 
spread in both 
scheelite-bearing 
to -5.8% 
o13 C and 
hornfels 
and 
618 0 values for the calcite from the 
is apparent. o13 C values range from 
6 18 0 values vary between 16.0ioe and 
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18.S~ The 613 C values for the hornfels calcite (i = -3.9~ ) 
tend to be heavier than those from the ~karn calcite (x = -s.1~ ). 
518 0 values for the hornfels calcite (x = 17.0:c ) are also heavier 
than the skarn calcite (x = 15.3~ ) and have a wide range in values 
in contrast to the compositionally uniform skarn calcite. 
Signi_ficantly, no distinction can be made between the hornfels calcite 
in the vicinity of the Otjua replacement skarn and that on Tjirundo 
Sud. 
3) Discussion: 
It is clear from Fig.70 that the calcite from the replacement skarn 
and the calcite from the scheelite-bearing hornfels are isotopically 
quite different. The large spread in c"'O and :::c values of the 
hornfels calcite suggests a considerable range in composition of fluid 
in equilibrium with the calcite. This indicates that the two types of 
calcite are not genetically related, unless the isotopic composition 
of the hornfels calcite has been subsequently modified by meteoric 
water. However, it seems unlikely that meteoric water would 
selectively affect the hornfels calcite and not the skarn calcite. 
Moreover, interaction between silicates and carbonates and substantial 
volumes of meteoric water invariably leads to a significant drop in 
the 516 0 value of the minerals in equilibrium with meteoric water 
(Taylor, 1974, 1977). 
A more plausible explanation for the different isotopic compositions 
of the calcite is that the calcite in the hornfels was formed during 
prograde metamorphism of a slightly calcareous marl. Decarbonation 
reactions that occur during metamorphism evolve CO2 that is 
heavier than the remaining calcite since both l 180(C02 Cc) 
and D
13
C(C02- Cc) are positive at temperatures in excess of 192°C 
(Bottinga, 1968). This results in a depletion of both 6180 and o13C 
in the residual calcite of a metamorphic rock relative to 
unmetamorphosed limestone (Taylor and O'Neil, 1977). Thus the wide 
range of values of 6180 could be attributed to varying 
degrees of devolatilisation of minor calcite within the marl. 
However, since the initial isotopic composition of the calcareous 
material within the marl is unknown and the fact that there is no 
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correlation between o13 c and 618 0 values for the hornfels calcite 
and the amount of calcite within the hornfels means that the suspected 
depletions cannot be quantified. 
As an alternative to the above theory, the presence of organic 
material within the original marl cannot be excluded, Organic carbon 
in sedimentary rocks normally has 613 C values lighter than -2 01..,. 
Under metamorphic conditions this carbonaceous material would be 
converted to graphite. Although no graphite is present within the 
hornfels today, it is possible that at some stage during meta-
morphism this graphite was oxidised to form CO2 with a very light 
If trapped in the rock this CO2 would isotopically 
exchange with any calcite in the rock, consequently lowering the t 12 C 
of the carbonate. 
4) Conclusion: 
The hornfels calcite and 
Hornfels calcite shows a 
skarn calcite are 




c. 1 eo values 
either as a result of varying degrees of volatilisation of the 
carbonate during prograde metamorphism or possibly due to exchange 
with isotopically light CO or CO2 derived from oxidation of organic 
material. In contrast, the small range in 613 C and 618 0 values of 
the skarn calcite is indicative of an igneous origin for the skarn-
forming fluid. These two populations of calcite are considered good 
supporting evidence for the suggestion of two stages of scheelite 
mineralisation, i.e. a pre-metamorphic syn-sedimentary event and a 
late tectonic one associated with granite intrusion. 
v) Calcite-Graphite Isotope Geotherrnometer: 
1) Introduction: 
Graphite and calcite commonly coexist in a wide variety of limestones 
and marbles. The fractionation of 13 C between coexisting calcite and 
graphite as a function of temperature has been investigated by a 
number of authors (Pineau et al., 1976; Kreulen, 1977; Valley and 
O'Neil, 1981). Organic carbon in recent marine rocks usually has 
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a lighter than and there is a large 
fractionation of 13 C between calcite and graphite, i.e. l 13C (Cc 
- Gr) >15. In contrast, graphite in marbles has a considerably 
heavier 613 C value ( > - 101~) and l 13 C(Cc - Gr) is usually smaller. 
Valley and O'Neil (1981) have proposed that the fractionation of 13C 
between calcite and graphite can be used as a geothermometer. During 
their investigation of calcite-graphite pairs from the Adirondack 
Mountains, New York, temperatures obtained agreed well with those 
gained from studies of metamorphic assemblages. 
However, they emphasise that isotopic equilibrium is usually attained 
when peak metamorphic temperatures are in excess of 500-600°C and 
therefore this geothermometer can only be used for marbles that have 
undergone metamorphism in excess of sso=c. Moreover, Valley and 
O'Neil concluded that the theoretically calculated fractionation 
factors for the calcite-graphite pair given by Bottinga (1969) 
were 2 /oo too large. This discrepancy between observed and 
theoretical values was highlighted by an investigation by Kreulen and 
van Beek (1983) into calcite-graphite isotope fractionations in 
marbles from Naxos, Greece. They concluded that their data agreed 
better with Bottinga's theoretical work than the empirical 
fractionation curve of Valley and O'Neil. They also concluded that 
the calcite-graphite geothermometer was not particularly sensitive. 
In spite of these contradictory conclusions, it was decided that 
calcite-graphite isotope fractionations might give a peak metamorphic 
temperature for the Rossing Formation marble. 
2) Sample selection and analysis: 
Four samples of the Rossing Formation marble were selected for 
analysis: two from 500m and 800m west of the Otjua skarn and two from 
the domal structure on Tjirundo Slid. As discussed by Valley and 
O'Neil (1981), it is essential that the graphite and calcite pairs to 
be used as a geothermometer were in equilibrium at the peak of meta-
morphism and did not exchange carbon at lower temperatures. 
Petrographic analysis of the Rossing Formation marble indicates that 
equilibrium has been attained: triple ~unctions between 
equidimensional calcite grains are very common and no retrogressive 
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features are present. Graphite flakes, seldom larger than 1mm do not 
comprise more than 2% volumetrically of the rock and are unevenly 
distributed throughout the marble, Graphite and calcite were 
separated from the same 30cm 3 large hand specimens. Graphite 
separates were obtained by hand picking of coarser grains and 
dissolution of the remaining carbonate in dilute HCl. Graphite flakes 
were then separated from residual material with the aid of a binocular 
microscope and were then reacted at 800°C with CuO to form CO2 in 
evacuated silica tubing. The CO2 was then extracted and isotopically 
analysed. Yields of CO2 varied between 94 and 103% of the theoretical 
values. 
3) Results: 
The isotopic compositions of calcite and graphite pairs are listed in 
Table 13. (, 12 C values for the calcite range from -o.77ootO +1.31..,, t 13C 
values of graphite range from -4.8'.:: to -3.Siooand Li 13 C(Cc - Gr) from 4.0 
to 4.8 (average= 4.3). That isotopic equilibrium has probably been 
attained is suggested by the high o13 C values of the graphite and the 
small range in t.. 13 C(Cc - Gr) values. Furthermore, the fraction-
ation of loc between calcite and graphite is independent of 
the i "c composition of calcite. Both \'alley and O'Neil (1981) and 
Kreulen and van Beek (1983) suggest that isotopic equilibrium between 
calcite and graphite is not attained below 550°C and the latter's data 
even above this temperature show considerably more scatter than the 
Rossing Formation marble. 
l < Overall, the 6 "C (Cr - Gr) values of the 
Rossing Formation marble are smaller than Kreulen and van Beek's data, 
but similar to Valley and O'Neil's. 
4) Discussion: 
Due to the highly calcic nature of the Rossing Formation marble, a 
diagnostic mineral assemblage characteristic of certain metamorphic 
conditions is not present. However, petrographic study of the 
enclosing metasediments indicates that peak metamorphic temperatures 
were in the range 500-680°C (see section on metamorphism). These 
temperatures are characteristic of amphibolite facies metamorphism. 
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Valley and O'Neil (1981) have conducted a study of ~13 C(Cc -Gr) from a 
number of carbonates from different metamorphic facies, The L13C(Cc-
Gr) value of 4.3 obtained for the Rossing Formation marble is 
consistent with their data from amphibolite (and possibly granulite) 
terrains (Valley and O'Neil, 1981, Fig. 3). For the temperature 
range 500°C to 680°C a fractionation of 4.3 between calcite and 
graphite is more consistent with the data of Valley and O'Neil than 
that of Bottinga (see Kreulen and van Beek, 1983). Substituting the 
average L13 C(Cc-Gr) value of 4.3 for the Rossing Formation marble into 
the fractionation curve of Valley and O'Neil gives a peak metamorphic 
temperature of 590°C, This is in excess of SS0°C, suggesting that 
was attained and is consistent with the isotopic equilibrium 
temperature obtained by petrographic analysis of the enclosing 
metasediments, In contrast, substitution of ~1 ~C(Cc - Gr) values of the 
Rossing Formation marble into Bottinga's fractionation curve indicate 
peak metamorphic conditions in excess of 700°C which is obviously too 
high. This is the same conclusion that Valley and O'Neil came to 
regarding their data from the Adirondack Mountains, i.e. Bottinga's 
predicted fractionations are 2~ larger than those shown by natural 
assemblages, Wada (1977) also concluded that L13 C(Cc - Gr) in 
marbles from high temperature assemblages are consistently lower than 
those predicted by Bottinga. 
Of particular interest is the fact that Valley and O'Neil applied 
their fractionation curve to four marble analyses taken from elsewhere 
in the Damara by Pineau (1976) and found good agreement with 
temperatures determined by Puhan (1976): 598°C by calcite-graphite 
isotope geothermometry 
thermometry. 
as against 620°C by calcite-dolomite 
Thus, although only four samples have been analysed and a larger 
population of samples would have been preferable, it is suggested that 
Valley and O'Neil's fractionation curve has given meaningful 
temperature ranges, although it is hard to escape the conclusion of 
Kreulen and van Beek that, used in isolation, the graphite-calcite 
isotope geothermometer is not particularly sensitive. 
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5) Conclusions: 
Although the following conclusions are based on only four sets of 
data, they are considered to be valid: 
i) On petrological grounds and from isotopic investigations, 
isotopic equilibrium between calcite and graphite within the Rossing 
Formation marble has been attained, 
ii) Fractionations between graphite and calcite in the Rossing 
Formation marble are more consistent with the empirically derived 
fractionation curve of Valley and O'Neil than the theoretical curve of 
Bottinga. 
iii) Substitution of the ~ 1 :C(Cc - Gr) values obtained for the Rossing 
Formation marble into the fractionation curve proposed by Valley and 
O'Neil indicates temperatures for the peak of metamorphism of between 
519cc and 626cc and an average of 586cc. These temperatures are 
consistent with those derived by petrographic study of the metamorphic 
assemblages in the enclosing metasediments, This good agreement may 
be coincidental, but is consistent with studies from elsewhere in the 
Damaran, 
iv) The calcite-graphite isotope geothermometer used is isolation has 
low sensitivity, but when used in con~unction with other studies may 
help to confine peak metamorphic temperatures. 
b) Silicate: 
i) Introduction: 
The systematic fractionation between coexisting minerals 
noticed by many early workers in stable isotope geochemistry resulted 
in Taylor (1967) listing minerals in decreasing order of affinity 
for 160. H owever, although the order of fractionation 
between minerals is a result of chemical properties, the degree of 
fractionation between minerals is dependent on temperature. As a 
result, O'Neil and Clayton (1964) and O'Neil and Taylor (1967) were 
the first to experimentally determine fractionations of 
16
0 between 
quartz and water and between quartz and feldspar respectively with the 
aim of producing a quartz-feldspar geothermorneter. Direct 
measurements of the 180 fractionation between quartz and K-feldspar at 
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600°C were subsequently made by Blattner and Bird (1974) and more 
experimental work was completed by Bottinga and Javoy (1973 and 1975). 
Considerable discrepancies between fractionation curves suggested by 
the different authors were reviewed by Matsuhisa et al. (1979) who 
proposed the use of a new quartz-feldspar fractionation curve which 
has found wide acceptance. 
The aim of this study was therefore twofold: 
1) to investigate the 180 composition of quartz and K-feldspar from 
the pegmatite and test the suspected co-genesis of the Ot~ua granite 
and the pegmatite developed in the vicinity of the skarn. Quartz and 
K-feldspar comprise 70% of the pegmatite and because the plagioclase 
feldspar is relatively sodic (oligoclase), the weighted average -=o 
composition of these two minerals will approximate the whole rock 
value. 
2) by determining the fractionation of 18 0 between quartz and K-
feldspar and using experimentally derived fractionation factors to 
obtain a temperature of formation for the pegmatite 
ii) Analysis: 
Oxygen was extracted from quartz and K-feldspar by fluorination of the 
minerals with ClF 3 at temperatures of between 600°C and 650°C 
(Borthwick and Harmon, 1982). The oxygen was then converted to CO 2 by 
reaction with a hot carbon rod and was then isotopically analysed in 
the same manner as the CO 2 produced from the carbonate (see preceding 
section). c16 0 values are reported in the standard notation relative 
to SMOW. 
iii) Results: 
The c160 compositions of quartz and K-feldspar from the pegmatite are 
listed in Table 14, The fractionation of 160 between the two minerals 
are fairly substantial. That they are positive indicates no 
"reversals" have occurred and that the pegmatites have not exchanged 
oxygen with significant amounts of meteoric water (Taylor, 
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1974, 1977). The 6180 compositions of the quartz and feldspar bracket 
the 6180 value of 15.1 for the Ot:ua granite determined by Haack~ 
al. (1983), suggesting that the Ot:ua granite could well be the source 
of the pegmatite or at least that the pegmatite was derived from the 
same source material. 
Using the fractionation curve of 
fractionation of 180 between 
Matsuhisa et al. (1979), the 
quartz and feldspar indicates 
temperatures of crystallisation for the pegmatite ranging from between 
240°C and 300°C (average= 280°C). 
iv) Discussion: 
The oxygen isotope investigation of silicate minerals in the pegmatite 
clarifies several important points: 
Firstly, as previously stated, the close spatial relationship between 
highly fractionated late stage granites, unaltered tourmaline 
pegmatites and replacement skarns suggests a genetic relationship. 
Petrological, textural and geochemical evidence for cogenesis of the 
pegmatite and granite is supported by the oxygen isotope data. 
S d 1 h 1 . . f . . f 
1 80 b d econ y, t e norma isotopic ract1onat1on o etween quartz an 
feldspar in the pegmatite at Ot:ua indicates that no secondary 
interaction with other oxygen reservoirs has occurred. This is in 
agreement with the observations of Haack et al. (1983) who noted no 
quartz-feldspar reversals in their regional survey of the Damaran 
granitoids. This has implications for the genesis of the scheelite 
within the hornfels, i.e. it seems unlikely that Damaran intrusives 
formed large scale convective hydrothermal cells and that large scale 
leaching of metals from rocks surrounding the intrusions did 
not occur (see discussion in Chapter 9). 
Thirdly, the low temperature of formation of the pegmatites (average= 
280°C) explains the lack of contact metamorphic effects between the 
pegmatite and enclosing country rock. It is suggested that the 
presence of considerable boron within the pegmatitic melt (as 
evidenced by the schorl) lowered the solidus resulting in this low 
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temperature of formation. Haack (1983) has reconstructed the cooling 
history of the Central Zone of the Damaran orogen using Rb/Sr, K/Ar 
and fission track ages. At 478 Ma (age of Ot:ua granite and 
consequently approximate age of Ot:ua pegmatites), Haack indicates 
that the metasediments within the Central Zone of the Damaran were at 
temperatures of between 300° and 400°C (Haack , 1983, Fig. 9). 
c) Calcite-bearing Pegmatite 
i) Introduction 
Several boreholes intersected an unusual calcite-bearing pegmatite. 
These vuggy pegmatites are seldom more than a few metres thick, have 
caused minor potassic alteration of the enclosing country rock and may 
grade into normal pegmatites. This lateral gradation into normal 
pegmatite with no sharp mineralogical or textural boundaries suggests 
that the two types of pegmatite are cogenetic. It is therefore 
assumed that the isotopic composition of silicate minerals in the two 
lithologies is similar. The only significant mineralogical 
differences are the presence of calcite, chlorite and pyrite and 
absence of tourmaline in the calcitic pegmatite. Calcitic pegmatites 
comprise a very small component of the total pegmatite at Otjua - less 
than one percent. 
The isotopic composition of interstitial calcite from the calcitic 
pegmatite was measured: 
1) to determine whether the calcite has an igneous signature 
2) by using the average 0180 composition of the calcite and the 
average 0180 composition of the pegmatite quartz, an approximate 
temperature of formation of the calcitic pegrnatite could be obtained 
from quartz-calcite fractionation data, 
ii) Analysis and Results: 
Calcite was analysed as previously described. The results are listed 
in 
and 
Table 15 and plotted in Fig. 70. Large differences in o13 C 
818 0 values for these samples are readily apparent, This 
isotopic inhomogeneity indicates that either isotopic equilibrium was 
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not attained during crystallisation or that possibly due to the vuggy 
nature of the rock, meteoric groundwaters have exchanged oxygen with 
the calcite. However, the average 613C composition of -4. 870()is only 
slightly heavier than the suggested range of -Sioc to -Bioo for "igneous" 
carbon of Hoefs (1980). Moreover, the fact that the calcite is 
depleted in 180 relative to the quartz and feldspar (see Table 14) is 
consistent with Taylor's observations on HO fractionations between 
coexisting minerals (Taylor, 1967) and therefore it is doubtful 
whether significant ad:ustments to the isotopic composition of the 
calcite have been made by meteoric waters. It is therefore assumed 
that isotopic equilibrium in the calcitic pegmatite was not attained 
during crystallisation. However, the fractionation of 4.3 between the 
average 61 eo value of the calcite and the average 616 0 value of 
the quartz (see preceding section) indicates a temperature of 
formation of 240°C - not too dissimilar from the normal pegmatites 
developed at the Ot~ua prospect. 
iii)Conclusion: 
Significant differences in the isotopic composition of calcite 
indicate that isotopic equilibrium has not been fully attained. This 
is perhaps not to be unexpected in a vuggy late stage intrusive. 
However, C 13C values are consistent with an igneous source for the 
calcite and, secondly, although not particularly suitable for 
temperature determinations, the average fractionation of 18 0 between 
quartz and calcite indicates a temperature of formation for the 
calcitic pegmatite only slightly cooler than the normal pegmatite. 
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8) SKARN FORMATION 
a) Timing of Skarn Formation: 
At the Otjua prospect the metasediments of the Khan and Oberwasser 
Formations all exhibit a fine grained equigranular texture indicating 
that these minerals were brought to equilibrium during peak 
metamorphic conditions at 520Ma. In contrast, the skarns hosted by 
the Rossing Formation exhibit a diverse range of textures, Garnet 
exhibits a considerable range in composition over short distances 
indicating chemical disequilibrium, These 
mineralogical features clearly indicate that 
process postdates the peak of metamorphism. 
petrological and 
the skarn formation 
However, one fact 
suggests that there was only a small difference in temperature between 
the skarn-forming fluid and the carbonate there is no contact 
metamorphic effect between skarn and marble. Moreover, the skarn and 
metasediments are transected by 
unequivocal igneous texture, but 
developed in the rocks that they 
pegmatitic dykes which possess an 
no contact metamorphic effects are 
intrude. Mineralogical, textural, 
geochemical and isotopic evidence indicates that the pegmatite is 
derived from the Otjua granite, Similarly, isotopic investigations 
suggest an igneous source for the skarn-forming fluid, Therefore the 
skarn formation process must have occurred between the peak of 
regional metamorphism (520Ma) and the final crystallisation of the 
ot:ua granite (478 + 4Ma). 
b) Skarn Formation - the Mechanism: 
Several possibilities as to the mode of formation of the skarns hosted 
by the Rossing Formation are discussed below: 
i) Metamorphism of a mineralised dolomite: 
Although it is impossible to determine the composition of the 
carbonate that has been skarned, there are no significant variations 
in the composition of the Rossing Formation marble on a regional 
basis, Four analyses of the carbonate from the Otjua prospect show 
the carbonate to be virtually pure calcite and three samples taken of 
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the Rossing Formation at the T:irundo prospect, 8km west of Otjua (see 
Map 1), indicate that the marble there is also very pure (see Table 3-
4). Whole rock analysis of ma:or and trace element concentrations 
within the skarn clearly show that a large proportion of the elements 
in the skarn are exotic compared to the surrounding marble. Moreover, 







garnet indicate that the skarn 
equilibrium under peak regional 
metamorphic conditions. Therefore it is extremely improbable that the 
skarns hosted by the Rc;ssing Formation formed "in situ" from a 
mineralised dolomitic precursor and this possibility is thus re:ected 
as a mechanism for skarn formation at Otjua. 
ii) Metasomatic 
metasediments: 
exchange between the marble and enclosing 
Some or all of the elements required to form the silicate minerals in 
the skarn could have been provided by the wall rocks. It is therefore 
necessary to 
the carbonate 
examine the evidence for an exchange of elements between 
and the metasediments to test the theory that the 
various skarn facies formed as a result of "bimetasomatic exchange". 
Thompson (1959) was one of the first people to note that marble-schist 
contacts frequently contain simple mineral assemblages whose chemical 
compositions do not suggest that they were originally derived from 
sediments. These types of calc-silicate bands were the object of a 
study by Vidale (1969) who experimentally produced zonation patterns 
similar to those observed 
silicate bands. However, 
in kyanite and sillimanite grade calc-
although diffusion models can explain a 
number of thin reaction zones, it is widely accepted that they cannot 
explain the large thicknesses of skarn in most metasomatic deposits 
(Einaudi et al., 1981). 
On first examination the idocrase facies skarn, which is a thin 
development of silicates at the contact between the Rossing Formation 
marble and the enclosing 
reaction skarn. Garnet 
metasediments, could be interpreted as a 
facies skarn is locally intercalated with 
calc-silicate rocks (on a 1-5 centimetre scale) at the contact between 
the Rossing Formation and the country rocks. However, nearly all 
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reaction skarns exhibit a well defined, fine grained mineralogical 
banding that probably reflects diffusion fronts of the various ions. 
This fine grained mineralogical banding is absent from all the facies 
of skarn at Otjua. Furthermore, both the idocrase facies and garnet 
facies skarn exhibit coarse grained mineral assemblages, 
Several features argue against 
carbonate and the wall rocks, 
an exchange of elements between the 
Firstly, drillhole intersections of 
marble indicate that there has been no reaction between the marble and 
the enclosing country rocks in areas away from the skarn, This is in 
contrast to the scheelite-bearing hornfels, which usually has a thin 
amphibole-rich zone where in contact with biotite schist. Secondly, 
for the skarn to have been derived from an exchange of elements 
between marble and the enclosing wall rock it would seem logical that, 
if the marble was in contact with schist, then a different mineral 
assemblage would be developed from where the marble was in contact 
with calc-silicate rocks. This is quite clearly not the case : all 
three facies of skarn are in contact with both lithologies, Thirdly, 
an examination of the whole rock analyses of calc-silicates and 
biotite schist indicates that concentrations of certain elements in 
these lithologies (which were sampled at some distance from the skarn) 
e.g. Mn, Fe, Na are present in very low concentrations compared to the 
skarn, It would thus seem logical that the biotite schist and calc-
silicate directly in contact with skarn would be considerably depleted 
in these elements, a depletion accompanied by considerable 
alteration or at least visual modification of the wall rock. 
Presumably Ca and CO2 would migrate out of the marble into the 
enclosing country rock resulting in alteration or calcitisation of the 
enclosing wall rock, None of the features expected from this model 
have been observed, Fourthly, although there are small but 
significant concentrations 
bearing hornfels and the 
of tungsten and fluorine in the scheelite-
calc-silicates of the Khan and Oberwasser 
Formations, to concentrate these elements to the amounts present in 
the idocrase and garnet facies skarn requires a model invoking the 
migration of tungsten and fluorine for distances of many tens of 
metres across strike. Kwak (1978), in his investigation of the King 
Island scheelite deposit, showed that hornfels even one centimetre 
thick was probably impermeable to skarn-forming solutions (op, cit, 
95 
p.953). Fifthly, the systematic variations in mineralogy, mineral 
chemistry and whole rock compositions of the three facies of skarn 
along strike suggest an evolutionary trend in a system that has 
developed over many hundreds of metres, which is essentially 
incompatible with a model involving local bimetasomatic exchange 
between the carbonate unit and the enclosing country rocks.This model 
is therefore rejected. 
iii) Infiltrational Metasomatism: 
The geochemical evidence indicates that the Rossing Formation marble 
acted as a reactive conduit for mineralising fluids that progressively 
metasomatised the carbonate. It is suggested that the various skarn 
facies developed simultaneously and that the facies development is a 
result of 
fluid/rock 
variations in the a 2 + /a Ca Introduced elements 
ratio and temperature, This is the most 
ratio, 
plausible 
explanation for the petrographic evidence which precludes the 
possibility of one facies of skarn crosscutting or replacing another 
facies. Where transitional skarn assemblages have been identified, 
investigations into the mineral chemistry of these areas have shown 
mineral compositions to be transitional. Ihisindicates that one pulse 
of magmatically derived skarn-forming fluid can account for the facies 
development. 
Before considering a model of skarn formation, the following must be 
addressed. Was the metasomatic event a constant volume process or 
not? The density of the skarn is considerably greater than that of 
the marble (idocrase and garnet facies = 3.26; pyroxene facies = 3,2; 
marble= 2.75), Accommodation of the large volume of introduced 
material within the former Rossing Formation cannot be accounted for 
by these relatively small increases in density and it must therefore 
be established whether the components of the marble have been removed 
during skarn formation or whether the CaO and CO 2 have been retained 
within the system. 
Relatively few studies have been published on the volume changes 
during skarn formation. Nokleberg (1981) reported an extensive 
investigation at the Strawberry mine, California, in which he made 
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hundreds of layer thickness measurements on either side of the 
contacts between marble and skarn and between the various skarn 
facies, both on surface 
statistical study of the 
and underground. 
data, from which he 
Nokleberg conducted a 
concluded that skarn 
formation was essentially a constant volume process, At Ot:ua, due to 
the poor surface exposure of the contacts of marble and skarn between 
each other and the enclosing metasediments, as well as the lack of 
underground workings, no investigation of the possible volume changes 
during skarn formation has been completed, However, because of the 
many similarities of skarn mineralogy, geochemistry and orebody 
geometry between Ot:ua and the Strawberry mine, it is considered that 
skarn formation at Ot:ua was essentially a constant volume process 
(see discussion on wollastonite, XH:O and XCO: during skarn 
development). 
This is an important 
some of the CaO and 
conclusion because this implies that at least 
a ma:or proportion of the CO2 produced by the 
dissociation of calcite during skarn formation has been removed from 
the system, 
c) Composition of the Skarn-forming Fluid: 
Before commencing this discussion it is important to reiterate that 
the size of the skarn sample population is small and therefore some 
caution should be exercised when interpreting inter-element ratios. 
For this reason only the inter-element ratios for average skarn 
facies compositions have been calculated and are listed in Table 16. 
The changes in mineral assemblages and mineral composition as the 
Rossing Formation was progressively metasomatised can be best shown 
using a modified ACF plot (see Fig, 73). Only the major minerals 
present in the skarn are shown on this diagram, The introduction 
of aluminium, magnesium, iron and manganese that accompanied 
metasomatism results in the idocrase and garnet facies skarns plotting 
well away from the marble. Although the garnet facies skarn exhibits 
considerable compositional variation, the garnet facies field includes 
the idocrase facies samples emphasising the similar bulk compositions 
of the two facies. Moreover, the average garnet facies skarn has only 
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a slightly lower Ca content than the idocrase facies. The wide range 
in composition of the garnet is also clearly evident. The pyroxene 
facies skarn plots in a distinct field furthest from the Ca apex, the 
three whole rock analyses lying on the relevant scapolite-pyroxene tie 
line. 
The three ma:or elements that have been introduced into the Rossing 
Formation marble by the hydrothermal fluid are Si, Al and Fe. Whether 
calcium also formed part of the fluid is not known, The proportions 
of Si, Al and Fe in the skarns are plotted on a ternary diagram (see 
Fig. 74). Garnet facies skarn, especially, exhibits considerable 
variation in the proportion of Si, Al and Fe in individual samples. 
However, the average compositions of the various facies of skarn are 
surprisingly similar (idocrase and pyroxene facies skarn have 
identical proportions of Si, Al and Fe) indicating that the overall 
concentration of these three major elements within the fluid was 
constant. This is considered to be good evidence for only one pulse 
of skarn-forming fluid having passed through the Rossing Formation. 
In marked contrast, the content of the minor elements, Ti, Mg, Mn, Na 
and K are highly variable within the system (see Fig. 75). The 
variations observed in this diagram are readily accounted for by 
differences in mineralogy and mineral chemistry of the three skarn 
facies, Due to the high concentrations of Ti and Mg near the fluid 
front idocrase and more Mg-rich pyroxene formed With progressively 
more intense metasomatism higher manganese concentrations resulted in 
the formation of garnet and more Mn-rich pyroxene, Alkali 
concentrations and hence scapolite compositions in the idocrase and 
garnet facies are essentially the same. Marked enrichments in alkalis 
in the area of increased fluid/rock ratios resulted in the formation 
of less meionitic scapolite and low concentrations of manganese and 
magnesium resulted in the formation of more hedenbergitic pyroxene 
Thus the skarn facies development can be directly attributed to 
the different behaviour of the ma~or elements (Si, Al, Fe) and the 
minor (Ti,Mg, Mn, Na and K) and trace elements within the skarn-
forming fluid.It is suggested that this partitioning of minor and 
trace elements within the system was temperature controlled. 
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d) Wollastonite : The Significance of its Absence and a 
Discussion of Xtt 2o and Xco 2 during Skarn Formation: 
A particularly 
assemblages at 
unusual feature of the various skarn mineral 
Wollastonite is Otjua is the absence of wollastonite, 
a common component of metamorphic assemblages derived from the contact 
metamorphism (and metasomatism) of calcitic marbles. At many other 
replacement skarn deposits the furthermost skarn facies from the 
granite contains considerable wollastonite and idocrase, At Pine 
Creek, wollastonite is a prominent mineral in the outermost zone of 
skarn (Newberry, 1982), while at Mactung wollastonite facies skarn is 
"generally in contact with unaltered marble" and at Cantung 
wollastonite skarn "only occurs in weakly altered limestone pods" 
(Dick and Hodgson, 1982). 
As carbonate rocks are metamorphosed considerable CO2 is evolved 
during decarbonation reactions, The result of this decarbonation is 
that the pressure of the fluid phase (Pfluid ) of metamorphosed 
carbonate rocks consists of the not inconsiderable partial pressures 
of CO2 as well as H20 (and other volatile phases). Therefore, when 
considering the stability fields of minerals in metamorphosed 
carbonate rocks, the mole fraction of C02(XC
02 
) must be taken into 
consideration, since this variation in composition of the fluid phase 
results in the system possessing another degree of freedom. For 
example, the reaction calcite +quartz= wollastonite + CO2 moves to 
the right at high temperatures, but calcite and quartz also tend to 
react when either the CO2-rich fluid phase has been diluted by H2 0 or 
the pressure of the CO2-rich fluid has been low as in shallow contact 
metamorphism (Winkler, 1976,see Figs.76 and 77). 
Investigations of the metamorphic assemblages developed in the 
metasediments at Otjua indicate that confining pressures at the peak 
of regional metamorphism did not exceed 4.8kb, Skarn formation 
occurred after the peak 
crystallisation of the 
of regional metamorphism (520Ma), but before 
Otjua granite (478 + 4Ma) and thus the 
confining pressure 
somewhat arbitarily 
during metasomatism of the Rossing Formation is 
estimated to have been in the region of 3kb. 
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However, the following question must be asked: did load pressure 
(Pload) equal fluid pressure (Pfluid) in the Rossing Formation at the 
time of skarn formation? Winkler discusses the importance of H20 and 
CO 2 produced by dehydration and decarbonation reactions and that in 
certain cases Pfluid exceeds Pload· At Otjua the large volumes of 
CO 2 evolved 




decarbonation of the R6ssing Formation indicate 
during replacement of the carbonate, This is 
supported by two pieces of evidence. Firstly, a surprising feature of 
the skarns developed at Otjua is that no evidence has yet been found 
for escape of CO 2 evolved from decarbonation reactions into the 
metasediments. The country rock enclosing the marble is not 
brecciated in any way, nor does visual examination of the country rock 
indicate that any metasomatism or carbonation has occurred. Secondly, 
investigations clearly demonstrate that there has been no isotopic 
exchange between CO2 evolved during decarbonation reactions and 
calcite within marble from as little as two centimetres away from the 
skarn, i.e. evolved CO2 has not been dispersed throughout the marble. 
Therefore, what happened to the evolved CO 2 ? Dissociation of the 
calcite released large volumes of CO 2 resulting in (temporarily) very 
high P fluid . It is suggested that this increase in Pfluid in the 
skarn-forming fluid increased the tendency of the skarn-forming fluid 
to move up the vertical, reactive sheet of marble and that, once 
initiated, the replacement process was self-propagating. This implies 
that the replacement of the marble by the fluid happened extremely 
quickly and that the metasomatic event was almost certainly 
a constant volume process. This also indicates that the ma~ority of 
CO2 was removed from the system prior to skarn formation,i.e. that an 
open system was in operation (see Chapter 7). It is therefore proposed 
that the CO2 generated by decarbonation of calcite drove the fluid (or 
at least the gaseous-rich portion of the fluid) up many thousands of 
metres of marble and was then dispersed into the atmosphere via deep-
seated fractures, Dissociation of CO2 may have provided oxygen to form 
the silicates and carbon and carbon monoxide (as well as the presence 
of graphite) in the system ensured a reducing environment during skarn 
formation. 
If p fluid >>p load in the marble during skarn formation, this has 
profound implications for the mineral assemblages developed in the 
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various skarn facies. For example, examination of Fig. 77 indicates 
that when P fluid = 3kb wollastonite is only stable at temperatures 
in excess of 625°C when XCO, 
,:_ 
0.25. If Pfluid exceeded 3kb then 
wollastonite is only stable at even higher temperatures almost 
certainly higher than the temperature of the skarn-forming fluid at 
Otjua. 
The confining pressure at the time of skarn formation at Ot:ua was 
considerably higher than at skarns in the North American cordillera. 
At Cantung a confining pressure of 1 :!=._ 0.3kb for the formation of the 
E zone orebody was accepted by Mathieson and Clark (1984) on the basis 
of sphalerite geobarometry carried out by Hutchison and Scott (1981). 
The maximum confining pressure in the metasediments of the Pine Creek 
formation 
pressure 
was in the region of l.5-2kb 
of 1.5kb was used by Brown et al. 
septum prior to skarn 
(Brown, 1980) and a 
(1985) in calculating f02 - fF2 diagrams for the skarn assemblages. 
Moreover, Brown et al. (1985) conclude that "the fluid composit1on at 
the time of skarn 
than 0.25. It 
growth was water dominated; XC
02 
was usually less 
is apparent that despite the prevalence of 
decarbonation reactions accompanying replacement of marble by skarn, 
values were prevented in the skarn-forming fluid by the 
great influx of water carrying the Si, Al and Fe and W necessary for 
skarn formation". In the following discussion it will be shown that, 
on account of the relatively anhydrous nature of the Ot:ua granite, 
the skarn-forming fluid at Otjua is thought to have been considerably 
more saline with lower H20 contents than at the previously discussed 
examples in North America. 
The small temperature difference between the skarn-forming fluid and 
the metasediments at Otjua suggests that, if anything, temperatures of 
skarn formation at Otjua were higher than in the North American 
cordillera, favouring the development of wollastonite. However, at 
Otjua the skarn formation process occurred under considerably higher 
confining pressures than at Cantung or Pine Creek, hence Pload and 
(therefore Pfluid ) was very 
development. High XCO;, values as 
high inhibiting wollastonite 
evidenced by the anhydrous nature of 
the skarn in the Rossing Formation (probably in excess of 0.25) 
decreased the likelihood of wollastonite formation even further. At 
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Pf= 3kb, when X
O 
= O.S, wollastonite is only stable at temperatures 
C 2 
in excess of 700°C (see Fig, 77). However, the presence of very minor 
hornblende in pyroxene facies skarn suggests an increase in XH:O in 
the skarn-forming fluid with progressive metasomatism. From the 
foregoing discussion it is apparent that the skarn-forming fluid was 
essentially anhydrous and therefore the term "hydrothermal fluid" has 
been avoided throughout this thesis. 
e) Tungsten Partitioning within the Ot:ua Granite and a Review of 
the Possible Complexes involved in the Transport of Tungsten 
within the Skarn-forming Fluid: 
Experimental data is of particular relevance in understanding the 
behaviour of tungsten in the ot:ua granite, pegmatites and the 
subsequent transport of tungsten in the skarn-forming fluid and a 
review is given below. 
Some of the initial experimental work on the behaviour of tungsten in 
aqueous granitic environments was conducted by Foster (1973) who 
showed that for the system granite-H20 up to 6000ppm W can enter a 
water saturated melt at PH:O = l-2kb at 800°C-850°C. Moreover, Foster 
indicated that the W content of a granite melt is probably a function 
of aH
2
0 in the me 1 t. Foster also demonstrated that tungsten is 
strongly partitioned into aqueous chloride solutions that are in 
equilibrium with granitic melts, indicating that tungsten is readily 
removed from a crystallising magma by chloride ions. 
In their study of the Richardsons Kop wolframite deposit, Zimbabwe, 
Foster et al. (1978) have combined experimental and theoretical data 
on the stability of H WO ,polytungstates and other molecular and ionic 
2 4 
species of tungsten and concluded that polytungstates (e.g. 
[H3W6 021 13-) and simple tungstate ions (W04 2 -) are dominant at low 
temperatures, whereas the molecular hexahalides (WCl& and WF 6 ) are 
present at magmatic temperatures within a halide-rich hydrothermal 
fluid. Moreover, Foster et al. (1978) mention that the four main 
controls on the transport and deposition of tungsten are 
ac 2+/CaF 2++a.. 2+ ), a e :1.n temperature and pH, The authors placed 
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particular 2+ "+ 2+ emphasis on the activities of Ca , Fe- and Mn , noting 
that scheelite is thought to form under slightly alkaline conditions. 
The most recent experimental investigations into the behaviour of 
tungsten in granitic melt vapour systems have been conducted by 
Manning and Henderson (1984) and Manning (1984). The authors 
calculated partition coefficients for tungsten between melt and 
vapour for the different volatile species types at various 
data show that in the concentrations. Manning 
chloride, 
and Henderson's 
presence of tungsten partitioned strongly into the 





) increasing with increasing chloride 
concentration in agreement with Foster (1973). In contrast, with 
water and fluoride, tungsten was concentrated in the melt, though 
~ values were in the range 0.53-0.84 for fluoride as opposed to 0.11 
with water. At low concentrations of carbonate (C03L- ) Ku was 1.9, 
at high concentrations 0.36, indicating a change in behaviour of 
tungsten with increasing carbonate concentration. In the presence of 
phosphate, tungsten partitioned strongly into the fluid, showing 
little variation with increasing concentration, while investigations 
into tungsten behaviour in borate solutions suggest that tungsten 
partitions roughly equally between melt and fluid phases, On the 
basis of this experimental data combined with knowledge of theoretical 
tungsten complexes, Manriing concluded that complexes between tungsten 
and fluoride, carbonate and borate anions are relatively unimportant 
in the transport of tungsten, but that phosphate, and chloride species 
in particular, are most relevant in tungsten transport. This, to a 
certain extent, contradicted the findings of Higgins (1980) who 
considered carbonate-bicarbonate complexes to be important in the 
transport of tungsten, especially at high fluid pressures.For the 
chloride species Manning suggests that at low chloride concentrations 
species with high W/Cl ratios (such as H(WO ) Cl) 
3 2 
are present 
whereas at high chloride concentrations complexes with lowW/Cl .ratios 
(such as WClE) predominate. The stabilities of tungsten complexes 
are particularly sensitive to changes in pH, but little data is 
available on the temperature dependence of tungsten complex stability. 
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Average tungsten concentrations in the Ot:ua granite are lOppm and 
14ppm in the pegmatite (see Tables 3-6 and 3-8). Granites associated 
with tungsten deposits often do not show abnormal concentrations of 
tungsten, except in greisen zones (Wedepohl, 1970) which are absent at 
Otjua. For example, investigations at the McDame tungsten prospect in 
Canada (Cooke and Godwin, 1984), where mineralisation is associated 
with an S-type granite with high initial 87Sr/ 65Sr ratios (like 
Otjua), show that the intrusion only 
than the world average of 7ppm 
contains 4ppm W which is less 
W for specialised granites 
(Tischendorf, 1977). The reason for these low concentrations of 
that the large tungsten in relatively anhydrous granites is 
difference between the ionic radius of W5 + and major ions of silicate 
minerals indicates that tungsten will be concentrated in the vapour 
phase and thus excluded from crystals until the end of magmatic 
crystallisation (Wedepohl, 1970; Foster et al., 1978). The presence 
of only minor muscovite in the Ot:ua granite and associated pegmatites 
and the lack of alteration of feldspar indicates that concentrations 
of water were low in the intrusives and hence tungsten did not 
partition into the melt. Therefore, the potential for a hidden 
greisen zone at Otjua is considered to be low. That Damaran 
granitoids of the northern Central Zone are essentially anhydrous is 
evident from the lack of greisen hosted tin-tungsten mineralisation 
throughout the orogen. It is therefore concluded that water played a 
minor role in controlling tungsten distribution between melt and 
vapour phases in the Otjua granite. 
Fluorine: Fluorine concentrations in the ot:ua granite are very low 
and was not detected in the pegmatite. Fluorite is abundant in both 
the idocrase and garnet facies skarns and the low content of fluorine 
in the intrusives is on first examination somewhat surprising. 
However, this is consistent with the McDame tungsten prospect where 
the intrusive responsible for the mineralisation has an F content of 
583ppm, but some of the skarn facies contain up to 5% fluorite. 
Granites with extensive greisen zones almost universally have 
anomalous fluorine contents, but this is not the case with anhydrous 
granites. In the light of Manning's conclusion that fluorine 
complexes are not important in the transport of tungsten and the 







it is suggested that the two elements were 
phase of the granite and concentrated in the 
Boron: Although boron concentrations in the intrusives have not been 
determined, the development of quartz-tourmaline nests in the Otjua 
granite and the abundance of tourmaline in the pegrnatite indicates the 
presence of significant quantities of boron in the intrusives. 
Manning's data suggests that boron complexes are of limited 
significance in the transport of tungsten, though the association of 
tungsten mineralisation with intrusions enriched in boron is deemed to 
be highly significant. 
Phosphorous: Concentrations of phosphorous in the Ot:ua granite 
(average 720ppm) are :ust below the world average of 870ppm for 
granitic rocks (Goldschmidt, 1958, p.457) and phosphorous contents in 
the Rossing Formation marble (49lppm) are significantly higher than 
the world average for marine calcite sediments (150-200ppm; 
Goldschmidt, 1958, p.464) and may partly account for the higher 
concentrations in the various skarn facies (idocrase facies = 808ppm; 
garnet facies = 410ppm; pyroxene = 611ppm). The only phosphorous 
mineral to be noted in the various skarn facies and intrusives is 
minor apatite and it is therefore considered that phosphorous only 
played a minor role in the transport of tungsten in the skarn-forming 
fluid at ot:ua. 
Arsenic: Based on the observation that tungsten ores are commonly 
associated with arsenopyrite (FeAsS) and 16llingite (Fe As)2, 
Manning (1984) has suggested that arsenic is involved in the transport 
of tungsten. However, the absence of arsenic minerals and sulphide 
mineralisation in the various skarn facies indicates that arsenic was 
not involved in the transport of tungsten in the skarn-forming fluid. 
Carbon dioxide: The possibility that CO2 played a role in the 
transport of tungsten from the Otjua granite cannot be excluded. If 
the Ot:ua granite is indeed derived from the anatectic products of the 
calc-silicate - carbonate -rich sediments of the Lower Swakop Group as 
has been suggested, then CO2 would comprise a significant proportion 
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of the fluid phase of the granite melt. Moreover, the skarn-forming 
fluid was undoubtedly released from the Ot:ua granite under a high 
confining pressure (see Higgins, 1980 for discussion on tungsten 
transport under high pressure). 
Chloride: Fluid inclusion studies at King Island (Kwak and Tan, 1981) 
and at Cantung (Mathieson and Clark, 1984) indicate that chloride 
species are of particular relevance in the formation of tungsten 
skarns. In the absence of any geochemical evidence it is inferred 
that very low concentrations of water and the presence of significant 
chloride species resulted in a strong partitioning of tungsten into 
the fluid phase of the Ot~ua granite and that halide species 
predominated over all others within the skarn-forming fluid. On 
account of the anhydrous nature of the Otjua granite and associated 
intrusives, it is suggested that the salinity of the skarn-forrning 
fluid at Otjua was considerably higher than at skarn deposits 
elsewhere in the world. Stormer and Carmichael (1971) have shown that 
the concentration of Cl in the aqueous phase of a granite melt is 
enhanced by 
These high 
high magmatic as·o: the Ot"ua granite is highly silicic. 
l 2 ~ 
concentrations of chloride ions resulted in the transport 
of tungsten as hexahalide species (WClf , WFs ) which explains the 
coherence of tungsten and fluorine within the skarn-forming fluid. 
Although under equilibrium conditions fluoride complexes of tungsten 
are preferentially concentrated in the melt, it is suggested that, 
with the explosive release of the aqueous (chloride-rich) phase all 
volatile components escaped essentially simultaneously from the Otjua 
granite. 
The economic relevance of the foregoing discussion is that due to the 
anhydrous nature of Damaran granitoids associated with tungsten skarn 
mineralisation, tungsten concentrations in Damaran granites are low 
(compared to greisen zones hosting wolframite mineralisation). 
Therefore little importance should be attached to the tungsten content 
of a granite when assessing its relationship to (or its potential to 
have been responsible for) skarn mineralisation. Moreover, it is 
strongly suggested that, in the Damaran, the type and concentration of 
volatiles (especially water and fluorine) within the granite magma are 
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the main controls on how far a skarn deposit may form from the granite 
body. 
The following four reactions are considered to describe scheelite and 
fluorite formation within the Rossing Formation: 
i) WFE + 4CaC03 4C02 + 3CaF2 + CaW04 
ii) WC16 + 4CaCQ3~~~~~~ 4C02 + 3CaC12 + CaW04 
and possibly 
The high ratio of CaF2/CaWQ4in the skarns suggests that a~Tf- >>aWCl, 
b E 
f) Model of Skarn Formation at the Otjua Prospect: 
i) Introduction: 
Before discussing a model of skarn formation it must be clearly 
stated that this is an attempt to explain a complex process from 
borehole information alone, Not all borehole intersections exhibit all 
of the mineralogical features discussed. A model of skarn formation 
must account for the skarn facies development, the changes in mineral 
chemistry, the petrographic features of the skarn facies as well as 
the distribution of scheelite and fluorite and a brief summary of 
these is given below, A diagramatic cross-section of the Rossing 
Formation marble is given to help explain the metasomatic process 
(see Fig. 78). It is especially important to visualise the three-
dimensional geometry of the marble pods (C) in the garnet facies 
skarn. 
The ACF diagram ( Fig. 73) clearly shows the similarity in overall 
composition between the idocrase and garnet facies, Both facies 
contain the most rneionitic scapolite and the highest concentrations 
of scheelite within a garnet-rich core zone suggesting an increase 
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2+ 
in Ca availability in the centre of the skarn (see Figs. 79, 80 and 
81). The similarity in overall chemistry of the idocrase and garnet 
facies is also evident from the inter-element ratio data (see Table 





of the metasomatic process since these four elements 
bulk of the skarn assemblages. In contrast, the ACF 
inter-element ratios clearly distinguish the pyroxene 
from other facies indicating the significantly lower 
proportion of Ca in the zone of increased fluid/ rock ratios. 
Several clues as to the manner of the skarn-formation process are 
provided by the textural features of the skarn facies. In the idocrase 
facies skarn the coarse grained, prismatic nature of the idocrase is 
unique amongst all the skarn minerals developed at Otjua. It is 
suggested that this is because of the extensive recrystallisation of 
calcite in an area of low fluid/rock ratios. Because of the small 
amounts of fluid present at the fluid front, crystallisation of 
minerals had a significant effect on the composition of the remaining 
fluid, resulting in concentric compositional zoning in the idocrase 
crystals. 
The garnet facies possesses a predominantly granoblastic texture in 
the footwall and hanging wall peripheral zones and a poikiloblastic-
granoblastic texture in the garnet- dominated core. In the peripheral 
zones which are dominated by pyroxene and scapolite (and fluorite on 
the handing wall side) the minerals are commonly found at triple 
junctions in equigranular aggregates. This relationship between 
scapolite and pyroxene is also present in the idocrase facies and 
indicates contemporaneous crystallisation of the two minerals. In 
contrast, in the core of the garnet facies skarn, the late stage 
nature of the garnet is clearly evident: a xenoblastic-poikiloblastic 
habit enclosing all other phases. The large compositional variations 
of the garnet over distances of less than 50 microns are in contrast 
to all other minerals indicating that garnet in particular was 
crystalling from a fluid of fluctuating composition. This suggests 
that garnet formed from residual fluid in the core of the skarn - the 
last portion of the garnet facies to crystallise. 
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The textural feature of the pyroxene facies is an inequigranular, 
coarse grained polygonal mosaic which indicates a relatively high 
temperature of formation. It is suggested that the lack of textural 
zoning across the skarn results from high fluid/rock ratios which 
maintained similar temperatures across the width of the Rossing 
Formation. Furthermore, the lack of mineralogical zonation indicates 
that pyroxene facies skarn crystallised from a fluid of relatively 
constant composition unlike the garnet facies. 
ii) Presentation of model of skarn formation: 
It was decided that in the absence of any better criteria, the best 
way of describing the fluid/rock ratio during metasornatism of the 
Rossing Formation would be to plot the amount of calcite in the 
various skarn facies, since the skarn formation process essentially 
involves the dissolution of calcite. The calcite contour diagram is 
shown in Fig. 82 showing a progressive decrease in the amount of 
calcite in the various facies which is interpreted as an increasing 
fluid/rock ratio with increasing metasomatism. 
In the area now represented by idocrase facies skarn the preferential 
development of skarn on the hanging and footwall contacts suggests 
that the country rock - marble contact acted as a channel of higher 
permeability for the skarn-forming fluid (see fluid front in Fig. 78). 
In the area now represented by garnet facies skarn, where the marble 
was incompletely replaced, fluid/rock ratios were high on the country 
rock - marble contacts as well, but where the Rossing Formation has 
been completely replaced across strike, fluid/rock ratios were higher 
on the footwall side. The absence of calcite in those portions of the 
Rossing Formation replaced by pyroxene facies skarn indicates that 
fluid/rock ratios were highest where metasomatism was most intense. 
Data on the temperature of formation of the various skarn facies at 
Otjua is unfortunately not available. However, temperatures of 
formation of anhydrous skarn silicate assemblages at other skarn 
deposits are in the range 500°C to 600°C (Einaudi et al., 1981). It 
is suggested that the skarn-forming fluid was released from the Otjua 
granite at a temperature of 650°C. In the preceding discussion it 
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was concluded that the skarn formation event occurred considerably 
after 520Ma and before 478Ma. Therefore the metasediments at Otjua 
were at a temperature of 300-400°C at the time of skarn formation 
(Haack, 1983, p.881, Fig. 9). 
Although a thermodynamic study of the skarn formation process is not 
possible due to a lack of experimental data a few general statements 
can be made. The reaction CaC03---.CaO + CO2 is endothermic. This 
means that calcite dissolution occurred fastest in those areas where 
the skarn-forming fluid was hottest. However, the majority of 
reactions involving the crystallisation of skarn minerals were almost 
certainly exothermic so that the heat budget (and therefore 
temperature of the fluid) was probably not decreased by calcite 
dissolution. The late stage nature of the garnet indicates that the 
temperature of the fluid was highest in the core zone throughout skarn 
formation. 
In trying to understand 
the following model is 
the thermal structure during skarn formation 
proposed. As the hydrothermal fluid 
marble, the temperature progressively moved through the reactive 
difference between the carbonate and the skarn-forming fluid would 
result in loss of heat from the latter into the marble and the country 
rocks. Temperatures at the "fluid front" (see Fig. 78) would 
consequently drop substantially. Where the fluid only replaced 25% of 
the thickness of the marble (distance t1 ), the surface area to 
volume ratio of fluid in contact with the metasediments would be 
considerably higher than where the fluid completely replaced the 
marble {distance t 2 ,). Therefore fluid temperatures would drop at a 
faster rate and to a lower value at point A than at 
Moreover, because the fluid/rock ratio is higher at 
point B. 
B1, than at 
B2 (see Fig. 82) the temperature of the fluid would drop at a faster 
rate at B2 than at B1 : the higher flowthrough of fluid would 
essentially maintain higher temperatures on the footwall side of the 
Rossing Formation. In areas of highest fluid/rock ratios {point D) 
the increased flow of fluid maintained an even temperature across the 
Rossing Formation. The above model is the basis for the theoretical 
isotherm diagram (Fig. 83). 
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There are several points worthy of emphasis in Fig. 83. Note that the 
hottest part of the fluid in the portion represented by garnet facies 
skarn is not in the centre of the Rossing Formation but is "footwall 
shifted" (point B ). At point E the temperature is below 550°C, but 
the fluid/rock ratio is relatively high at this point (see Fig. 82) in 
comparison with point F at the fluid front where the temperature is 
similarly low, but the fluid/rock ratio is at a minimum. At point D 
due to the higher fluid/rock ratio fluid temperatures remain above 
625°C across the whole width of the Rossing Formation. 
iii) Summary of skarn-formation model: 
The major controlling factors on the skarn formation process were the 
fluid/rock ratio and the fluid activity across strike within the 
Rossing Formation. These two factors dictated the rate of dissipation 
of heat from the skarn-forming fluid into the metasediments and 
consequently the temperature of formation of the skarn assemblages. 
The fluid/rock also controlled the a 2+/a ratio 
Ca Introduced elements 
(essentially the intensity of metasomatism) which, in turn, controlled 
the mineral assemblages of each facies, but a strong (temperature 
dependent?) partitioning of minor elements within the system was 
responsible for the variations in mineral chemistry. 
iv) An explanation of scheelite crystallisation: 
Fluid inclusion studies of hydrothermal tungsten deposits frequently 
indicate the presence of high temperature, moderately saline (NaCl) 
aqueous fluids or fluids possessing high carbon dioxide contents or 
fluids with both these properties (Kwak and Tan, 1981; Mathieson and 
Clark, 1984; Manning, 1984). This is inferred to have been the case 
with the skarn-forming fluid at Otjua. The presence and relevance of 
the CO2 -rich inclusions is discussed by Manning (1984): "No evidence 
was produced by the experimental work that carbonate solutions will 
transport tungsten effectively at 800°C and increasing carbonate 
concentration appears to have a negative effect on the solubility of 
tungsten in the fluid. This observation suggests three possibilities: 
that a change takes place in the behaviour of tungsten in CO2-bearing 
solutions with a reduction in temperature; that the presence of CO2-
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rich inclusions in association with tungsten ores is coincidental; or 
that the presence of CO2 affects the stability of tungsten and other 
elements, an augmentation in CO2 reducing the solubility of tungsten 
in the fluid". 
Because dissolution of calcite at the fluid front (idocrase facies) 
was not very extensive it is suggested that significantly less 
CO2 was available to reduce the solubility of tungsten in the skarn-
forming fluid than where the garnet facies subsequently formed, i.e. 
the higher fluid/rock ratio in the garnet facies resulted in greater 
dissolution of calcite and hence increased availability of Ca 2 + ions 
for scheelite formation. Moreover, because the reaction CaCO=-+~aO + 
CO 2 is endothermic, dissolution of calcite occurred at a faster rate 
in the hottest portion of the skarn-forming fluid, i.e. the footwall 
shifted core of the garnet facies skarn (see Fig. 83). Thus the main 
control on scheelite formation was the temperature dependent 
dissolution of calcite which: (1) produced large volumes of CO2 which 
decreased the solubility of tungsten (by increasing pH?) within the 
skarn-forming fluid and (2) simultaneously ensured the availability of 
Ca 2 + ions for scheelite (and fluorite) formation. This model explains 
why scheelite distribution and scapolite chemistry are so closely 
related-both were controlled by the availability of Ca 2 +. 
This model also explains why scheelite concentrations in the garnet 
facies correlate positively with skarn thickness (+0.55) and with 
percentage skarnification of the Rossing Formation (+0.54): where 
replacement of the marble across strike was more extensive the fluid 
was hotter and calcite dissolution occurred at a faster rate. This 
also explains the scheelite distribution in the idocrase facies 
scheelite is only present in the thickest portions of the facies. 
Overall tungsten grades in the idocrase facies are significantly 
lower, because idocrase facies skarn formed from a cooler part of the 
fluid than the garnet facies. 
The absence 
attributed 
of scheelite in pyroxene facies skarn can be directly 
and the fact that to the increased fluid/rock ratio 
the calcite had already been dissolved: hence no or very 
little CO2 was available to precipitate tungsten. The increase 
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in the 
in Ca 2 + 
a 2+ / a ratio caused a decrease Ca Introduced elements 
activity resulting in the cessation of scheelite formation, 
though paradoxically, temperatures were favourable for extensive 
dissolution of calcite. The decline in Ca
2
+ activity in this area 
of increased fluid/rock ratio also terminated fluorite formation and 
the drop in the Ca/(Na + K) ratio to 12.7% of the value at the fluid 
front resulted in the change in scapolite composition. 
v) An explanation of fluorite distribution: 
Examination of borehole intersections of garnet facies skarn show 
that there is a positive correlation between overall concentrations of 
W03 and CaF2 (+0.44) as well as positive correlations between 
concentrations of fluorite and skarn thickness (+0.41) and percentage 
skarnification (+0.56). This distribution of scheelite and fluorite 
suggests that tungsten and fluorine were concentrated for similar 
:+ 
reasons - essentially the availability of Ca . It has already been 
suggested that the availability "+ of CaL was essentially temperature 
controlled and was highest in the core of that portion of the fluid 
from which garnet facies skarn formed. Petrological investigations 
indicate that fluorite is universally anhedral and frequently envelops 
all other minerals suggesting crystallisation late in the paragenetic 
sequence. However, fluorite is especially concentrated towards the 
hanging wall of the Rossing Formation in those portions of the skarn 
where the carbonate has been most extensively replaced across strike. 
Examination of Fig. 83 shows that this was the coolest part of the 
fluid from which garnet facies skarn formed. This suggests a 
2+ -migration of Ca (F ) 2 from the core zone towards the periphery of the 
skarn. This is considered to be the most likely explanation for the 
positive correlation between fluorine and tungsten concentrations in 
those portions of the garnet facies where metasomatism across the 
width of the Rossing Formation was most extensive, but also the 
strongly antipathetic nature of scheelite and fluorite distribution 
across garnet facies skarn (see Fig. 10). 
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g) Skarn Formation at Other Prospects in the Schonfeld Dome: 
A review of skarn formation at the Tjirundo, Schonfeld and Roidina 
prospects is given below and a general model for skarn formation 
within the Schonfeld dome is proposed, A longitudinal section in the 
plane of the Rossing Formation is shown in Fig. 84 which summarises 
the geometry of the skarn systems. 
i) Skarn formation at the Tjirundo prospect: 
The skarn facies developed at the Tjirundo prospect are somewhat 
different from Otjua and are summarised below: 
1) Idocrase facies : this facies is poorly developed in contrast 
to Otjua and contains very minor scheelite. Minor wollastonite 
is locally present. 
2a) Garnet facies: unlike Otjua, this is an extremely inequigranular 
assemblage of minerals ranging in size from hundreds of microns 
to 30 centimetres. This facies has a wider variety of minerals 
than the garnet facies at Otjua: idocrase, garnet, pyroxene and 
scapolite all frequently exhibiting subhedral to euhedral crystal 
forms with interstitial fine to very fine grained quartz, 
scapolite, epidote, minor fluorite, clinozoisite, amphibole and 
considerable calcite, The skarn is vuggy in nature with calcite 
frequently found in vugs between euhedral silicate crystals. 
Reaction rims in garnet are locally developed and the hydrous 
mineral assemblages frequently rim or crosscut anhydrous 
minerals. Finely disseminated scheelite is present, the 
average W0 3 concentration being 600ppm. 
2b) Amphibole-scapolite-scheelite facies: this facies is sporadically 
developed within the garnet facies. The amphibole is not a 
retrograde mineral or an alteration product, It is a primary 
mineral, though locally poikilitic and the mineralogy of this 
facies is fairly simple: scapolite (40-55%), hornblende (45-
55%), calcite (0-15%), epidote (0-2%), opaques (0-2%), scheelite 
(0-2%) and minor fluorite. A particularly noteworthy fact about 
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this facies of skarn is that where it is fine grained and 
equigranular it hosts considerable scheelite mineralisation (up 
to 0.88% W03), but, where the scapolite and hornblende are 
coarse grained, euhedral and prismatic, the skarn is essentially 
barren of tungsten. 
3) Pyroxene Facies: the overall appearance, mineralogy and texture 
are indistinguishable from the pyroxene facies at Otjua. W0 3 
contents are in the range 0-200ppm. 
The skarn formation process at the Tjirundo prospect is thought to 
have operated in essentially the same manner as it did at Otjua: 
progressive replacement of the Rossing Formation marble by a fluid 
that emanated from a granite. However, the presence of a number of 
hydrous minerals (epidote and amphibole) in the skarn assemblages at 
Tjirundo indicates that XH
2
0 during the skarn formation process was 
considerably higher than at Otjua. The presence of minor wollastonite 
in the peripheral facies of the skarn also indicates that >toz was 
considerably lower than at Otjua. Muscovite is well developed in the 
pegmatites and intrusive rocks at Tjirundo (in contrast to Otjua), 
though alteration of feldspar is minimal. This strongly suggests 
that aH:O 
at Otjua. 
was considerably higher in the intrusives at Tjirundo than 
Furthermore, the very minor fluorite within the skarn 
facies assemblages at Tjirundo indicates that aH,O was 
considerably higher in the Tjirundo granite than in the Otjua granite. 
Although the regional metamorphic conditions at the Tjirundo prospect 
are considered to have been similar to those at Otjua through time 
(similar P load and temperature), the higher fluorine content and the 
lower a H"O /a F within the Otjua granite magma resulted in both a 
L 
higher P fluid within the Otjua granite and a more complete 
segregation of volatiles into the fluid phase of the magma than in 
the Tjirundo granite. As a result Pfluid exceeded Pload in the 
Otjua granite at a greater depth within the earth's crust resulting in 
volatile release under higher confining pressures at Otjua than at 
Tjirundo. The higher aH 20 /aF in the Tjirundo granite magma possibly 
resulted in the retention of many of the volatile components within 
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the magma so that the skarn-forming fluid was considerably more 
viscous at Tjirundo than at Otjua. 
This model explains a number of features: 
1) Fluid/Rock ratio at Tjirundo: 
Fluid/rock ratios in the portion of the fluid from which garnet facies 
skarned formed at Tjirundo were considerably lower than at Otjua. 
This is indicated by the large percentage of interstitial calcite in 
the vuggy garnet facies . Garnet facies skarn from Tjirundo would 
plot at point A on the calcite contour plan of Otjua (Fig. 82). 
2) Temperature of formation of Tjirundo skarn: 
Petrographic studies of the garnet facies at Otjua indicate the 
presence of curved grain boundaries and an overall metamorphic texture 
suggesting a high temperature of formation (and rapid 
crystallisation?) compared to the very coarse grained, prismatic, 
inequigranular garnet facies of Tjirundo which suggests a much slower 
process of crystallisation at lower temperatures, The textural 
features of the garnet facies at Tjirundo are somewhat similar to 
those of the idocrase facies at Otjua, which crystallised from an area 
of low fluid/rock ratios. 
3) Scheelite formation: 
It was concluded that the main controlling factor on scheelite 
formation in 2+ the garnet facies at Otjua was the availability of Ca , 
which, in turn, was dependent on the rate of dissolution of calcite. 
Because of lower fluid/rock ratios at Tjirundo the rate of calcite 
dissolution and temperature of skarn formation, were significantly 
lower than at Otjua. Therefore, scheelite is not particularly 
concentrated within any portion of the garnet facies skarn at 
Tjirundo. Moreover, the higher aH
2
0 within the Tjirundo granite 
probably resulted in retention of significant amounts of tungsten 
within the pluton. 
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The possibility that a volatile-rich (especially fluorine) portion of 
fluid was released from the Tjirundo granite, from which an Otjua-type 
idocrase and garnet facies orebody formed considerably above the 
present day erosion level cannot be precluded (see Fig. 84). However, 
because the roots of the skarn system (pyroxene facies) are preserved 
at a higher altitude it is strongly suggested that higher~. /a 
H;:0 F 
ratios within the Tjirundo granite ensured the release of volatiles at 
a lower confining pressure (and a less explosive release) than at 
Otjua. 
Due to poor exposure, the relationship between garnet facies skarn and 
amphibole facies skarn cannot be determined. However, the fine 
grained scheelite-bearing amphibole skarn does not appear to replace 
or crosscut the garnet facies and it suggested that this facies formed 
from localised "pockets" of high XH:O within the skarn-forming fluid. 
The presence of several hydrous minerals within the garnet facies 
indicates a 
equigranular 
higher overall X 
O 
than at Otjua. 
H2 
type of amphibole skarn 
That the fine grained 
hosts the scheelite 
mineralisation rather than the coarse grained variety also suggests 
that scheelite is concentrated in areas where skarn formed at higher 
temperatures (where calcite dissolution was most rapid and extensive). 
Fluorite is also particularly concentrated within the fine grained 
amphibole facies skarn relative to garnet facies skarn. 
ii) Skarn formation at the Schonfeld prospect: 
The mineralogy of the skarn facies is summarised below. 
1) Idocrase facies skarn is poorly developed and contains minor 
hornblende, epidote and pyroxene. 
2) There are two types of garnet facies skarn at the Schonfeld 
prospect. Type I is similar to garnet facies skarn at Otjua, 
though contains less fluorite. Type II is similar to the garnet 
facies skarn at Tjirundo, but does not contain amphibole-
scapolite-scheelite facies. There is no evidence that one type 
of garnet facies skarn crosscuts, replaces or overprints the 
other. They are considered to be contemporaneous. 
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3) The pyroxene facies is similar to Otjua but contains 
considerable epidote and amphibole and minor pyrrhotite. 
The skarn system appears to be intermediate between the Otjua and 
Tjirundo systems. The pockets of Type I garnet facies within Type II 
skarn indicate local areas of high XCO: and high W and F 
concentrations within a fluid with higher XH
2
0 than Otjua. The fact 
that the roots of the skarn system are exposed at a higher altitude 
than at Tjirundo suggests that Pfluid in the granite was much less 
than at Otjua while the relative absence of pegmatite at the Schonfeld 
prospect suggests that the granite had a lower volatile content in 
general. However, the possibility that an Otjua-type orebody existed 
above the present day erosion level cannot be excluded. 
iii) Skarn formation at the Roidina prospect: 




No marble is visible on surface, thus it has only been 
that the calc-silicate assemblage has replaced the Rossing 
However, stratigraphic correlations indicate that the 
skarn is in the zone where the Rossing Formation marble should be, is 
of similar thickness and that the mineral assemblage shows some of the 
features of the Otjua skarn. Only one skarn facies is present, an 
extremely hard, fine to medium grained rock comprising approximately 
equal proportions of grossular garnet and hedenbergitic pyroxene. The 
skarn is not zoned across its width. 
In thin section the overall texture is very similar to the Otjua 
skarn, i.e. granoblastic-poikiloblastic. Triple point junctions 
between pyroxene grains are common, while xenoblastic garnet may be 
interstitial to other minerals, poikiloblastic or even skeletal. 
Minor scheelite occurs as round (100-500 \J) grains occurring in 
clusters, associated with garnet and pyroxene . Very minor calcite, 
sphene, chlorite, quartz and opaques are also present. Electron 
microprobe analysis has shown the chemistry of garnet and pyroxene 
from Roidina and Otjua to be similar. 
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However, several significant differences between the Otjua and Roidina 
skarns are apparent. The Roidina skarn: 
1) contains no fluorite. This is in contrast to Otjua where the 
garnet facies contains approximately 8% CaF2. 
2) contains very minor scheelite: the Roidina skarn is anomalous in 
tungsten in the order of tens to hundreds of ppm, but this is 
significantly below W03 contents in the garnet facies at Otjua. 
Geochemical analysis of samples and percussion borehole dust 
indicate the Roidina skarn to be of no economic interest. 
3) 
4) 
possesses verv minor scapolite < 5%. This is in contrast to 
the Otjua occurrence where scapolite comprises 30-40% of the 
mineral assemblage. 
has a high clinozoisite content (5-10%). This mineral is 
universally in contact with scapolite and garnet, the latter 
often enveloping it. Clinozoisite is virtually absent at Otjua, 
indicating that XH:O 
Roidina than at Otjua. 
during skarn formation was higher at 
5) is developed very close to a granite. Granite is exposed within 
lOOrn of the skarn. 
It is thought that the Roidina skarn represents complete 
skarnification of a marble unit by Si0 2 -dominated, slightly hydrous 
residual fluids. Potential for tungsten mineralisation at depth 
towards the granite contact is very low. 
iv) Conclusion: 
From the preceding discussion it is apparent that the amount of 
volatiles within the skarn-forming fluid and the proportions of 
XH 20and Xco 2 were of critical importance in determining the mineralogy 
and mineralisation developed in the four skarn prospects. It is also 
clear that tungsten is concentrated within portions of a skarn system 
and when assessing a skarn's potential to contain tungsten the 
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individual facies must be treated as a part of a system. The three 
types of skarn system developed within the Schonfeld dome are 
therefore: 
1) Anhydrous volatile-rich system - Otjua 
2) Hydrous volatile-rich system - Tjirundo/Schonfeld 
3) Anhydrous volatile-poor system - Roidina 
h) The Relationship between Structure, Skarn Formation and 
Pegrnatite Intrusion - a Possible Explanation: 
The Otjua prospect lies within 6km of the Omaruru Fault Zone (see Map 
1) which is the surface expression of the Omaruru Lineament oriented 
053°. This fault zone was active in Damaran times and movement on 
this structure may account for the consistent orientation of cross-
cutting pegrnatites at the Tjirundo, Schonfeld and Otjua prospects. It 
is suggested that dextral movement on the Omaruru Fault Zone was 
reponsible for the formation of a series of regional stress zones in a 
shear couple (the ductile equivalent of tension gashes) oriented at 
60° to the major fracture (see Fig. 85). The word tension gash is 
used to describe these zones for want of a better word. 
As late Damaran granites progressively intruded the metasediments, 
volatile fluids from the magma were expelled into the carbonates of 
the Lower Swakop Group. Contact metasomatic skarns developed on the 
granite/marble contact, while tungsten and fluorine-rich fluids under 
high pressure preferentially migrated into low pressure zones, for 
example areas where the carbonate was cross-cut by these regional 
tension gashes. Skarn-forming fluids moved hundreds (maybe thousands) 
of metres away from the intrusive. Subsequently the pegmatitic phase 
of the granites intruded the rnetasediments parallel to the regional 
schistosity, but also locally, taking advantage of pre-existing 
tension gashes (and possibly new ones set up by further movement on 
the Omaruru Fault Zone). This model helps explain the following 
features: 
1) The consistent 
pegmatite. 
regional orientation of the cross-cutting 
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2) The close association of skarn and cross-cutting pegmatite and 
more specifically the consistent angle of 10-15° between the 
strike of the metasediments and the strike of the cross-cutting 
pegrnatite at the Tjirundo, Schonfeld and Otjua prospects. 
3) Why pyroxene facies skarn when located near a major cross-cutting 
pegrnatite (an original tension gash) can be situated above garnet 
facies skarn (compare boreholes OT14 and OT26, Long. Sect. 1) 
Chemical controls are often cited as being of overwhelming importance 
in the location and formation of skarn deposits, but this study of 
four skarn systems within the Schonfeld dome has shown that structural 
features maybe of great importance 
from a granite under high pressure. 
when fluids have been released 
P1 , during skarn formation in oaa 
the Damaran was considerably higher than confining pressures in the 
Circum Pacific. 
i) Conclusions: 
This model has hopefully made an advance in the understanding of how 
skarn systems develop. The following list summarises the most 
fundamental discoveries of this investigation into skarn formation at 
the four prospects. 
1) At Otjua, the three facies of skarn, the pegmatite and the Otjua 
granite are regarded as a continuum that crystallised from an 
anhydrous granite magma. The magma possessed a significant non-
hydrous volatile component that locally reacted with and subsequently 
replaced carbonate metasediments. 
2) Tungsten and fluorine are concentrated in the volatile-rich part 
of the skarn system which is usually situated farthest from the 
granite. 
3) When assessing the potential of a skarn to host tungsten 
mineralisation, each facies must be treated as a part of a skarn 
system. Within the Schonfeld dome the root zone of a skarn system 
(pyroxene facies) contains very minor tungsten. 
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4) Calculations of the total tonnage of skarn in the Rossing 
Formation at the four prospects indicate the presence of 5,4mn tons of 
skarn, Allowing for skarn hosted by other carbonate units, and 
considerable post-Damaran erosion, the total amount of skarn within 
the four systems would have exceeded 10 million tonnes. These skarn 
systems are therefore of a considerable size by world standards, 
5) The proportions of~ 0 and XCO were of critical importance in 2 2 
determining the skarn mineral assemblage that developed and is indeed 
the key to understanding the differences between the four prospects, 
6) It seems unlikely that the water within the skarn systems (for 
example amphibole in pyroxene facies skarn) is derived from meteoric 
sources, The anhydrous nature of the Otjua granite can account for 
the very low ~:O during skarn formation at Otjua, Even at Tjirundo, 
where XH:O was considerably higher during skarn formation, it seems 
more likely that the water within the skarn is derived from magmatic 
sources, 
7) Because the skarn-forming fluid was released under such high 
confining pressures the fluid streamed up the marble from a focal 
discharge point - the apex of the granite, The resultant skarn system 
therefore has 
(thickness). 
two large dimensions and one very small one 
8) The tungsten content of a granite is a factor that must be 
treated with some caution when assessing a granite's potential to 
have been responsible for tungsten skarn development, A granite 
possessing high muscovite contents had high aH
2
0 in the magma, hence 
tungsten tended to partition into the melt phase and is therefore 
concentrated in the granite, Thus a muscovite-rich granite may have a 
high tungsten content, but have a lower potential to form tungsten 
skarn deposits (or at least the skarn will be developed close to the 
pluton). Low tungsten concentrations in a granite possessing no 
muscovite (therefore low aH
2
o in magma) indicate a partitioning of 
tungsten into the volatile phase of the magma and tungsten-bearing 
skarns may be present, albeit at some considerable distance from the 
pluton, 
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9) Where a skarn develops in relation to the granite is controlled 
by a number of factors: 
i) The amount of water in the melt. High a will tend to retain 
H20 
tungsten in the melt. It is suggested that aH
2
0 /~~lideis the most 
fundamental control on the partitioning of tungsten between melt and 
vapour phases of a magma. 
ii) A high volatile content plus low aH 20 /aHa}ide will ensure that 
pfluid exceeds 
p 
load at great depth resulting in an explosive 
release of the volatile phase as at Otjua. 
iii) Pload is obviously critical since P fluid must exceed 
Pload for release of volatiles. 
iv) Because aH:O /aHalide is (generally) low in the Damaran (due to 
the anhydrous nature of the intrusives) endoskarn development in 
minimal. 
10) Although the skarn-forming fluid probably did react with the 
scheelite-bearing hornfels where the granite was in immediate contact 
with the metasediments, extensive interaction between the volatile-
rich fluid and the hornfels did not occur (see discussion in Chapter 
9). 
123 
9. THE ORIGIN OF THE SCHEELITE IN THE METASEDIMENTS 
a) Introduction: 
The extensive areal distribution of scheelite within hornfels and 
calc-silicates of Precambrian age in the vicinity of the Otjua 
prospect is a discovery of particular note. The stratabound nature of 
the tungsten mineralisation bears similarities to some of the styles 
of mineralisation discussed in Chapter 3, especially that described by 
Beran et al. (1985). Possible mechanisms that could account for the 
anomalous concentrations of tungsten and fluorine within the calc-
silicates and scheelite-bearing hornfels of the Khan and Oberwasser 
Formations are reviewed below. 
b) Introduction of Metals Contemporaneous with Infiltrational 
Metasomatism of the Rossing Formation: 
In comparison to the Rossing Formation marble, where a vertical layer 
of calcite has been skarned by a metasomatic fluid, the calc-silicates 
and scheelite-bearing hornfels do not represent good channelways for 
migrating hydrothermal fluids. These two lithologies are laterally 
discontinuous and contain very minor carbonate. No feeder zones, 
breccia pipes or crosscutting fractures that could have acted as 
channelways for mineralising fluids have been recognised within the 
metasediments. 
the hornfels 
Petrological studies indicate that the scheelite in 
is part of a stable metamorphic assemblage and 
geochemical investigations clearly show that the major and trace 
element geochemistry of the scheelite-bearing hornfels is very similar 
to that of the calc-silicates (for which a sedimentary origin is 
indicated). The various skarn facies have geochemical characteristics 
distinct from the scheelite-bearing hornfels and calc-silicates; for 
example, the W03 : F ratio of the metasediments is greater than 0.5 
+ 
while in the skarn it is -0.1 indicating that tungsten and fluorine 
were introduced into the metasediments and the skarn under different 
physico-chemical conditions. 
stitial calcite in the skarn 
Isotopic studies show that the inter-
has a restricted range of 6180 values 
in marked contrast to the calcite within the scheelite-bearing 
hornfels. 
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The lack of evidence for large-scale metasomatism of the metasediments 
and the absence of significant hydrothermal alteration within the 
Ot jua granite and pegmatites precludes the possibility that a 
hydrothermal convection cell (where large volumes of tungsten were 
leached from the granite by meteoric waters and deposited in the 
metasediments) was in operation, Taylor (1977) has shown that 
epizonal granitic intrusions that have been emplaced at shallow levels 
within the earth's crust have acted as "heat engines to form 
hydrothermal convection cells, These intrusions are characterised by 
sub-volcanic ring complexes associated with explosion breccias, 
extensive alteration of feldspar and miarolitic cavities within the 
intrusives, highly fractured country rocks and, because of the 
extensive interaction with meteoric waters, unusually low 8 160 values. 
All these features are absent from the Otjua granite which contains 
very minor muscovite, is relatively anhydrous and possesses an 
anomalously high 8150 value, The possibility that the magma from which 
the Otjua granite crystallised interacted with meteoric water with an 





the time of skarn formation, the 
prospect were undergoing regional 
metamorphism at a pressure of 3kb. Winkler (1976) has suggested that 
load pressure increases at a rate of about 250-300 bars/kilometre 
which means that the Otjua granite intruded at a depth of 10-12 
kilometers - almost certainly below the depths of circulating ground 
water, The very low concentrations of tungsten and fluorine in the 
pegmatites do not indicate that these intrusives were responsible for 
the introduction of mineralisation either, Moreover, the presence of 
significant scheelite mineralisation within the Lower Swakop 
metasediments preserved within the Okakombo horst structure, where 
late stage Damaran granitic intrusives are conspicuously absent, 
indicates that this style of mineralisation is not 
derived from granitic intrusives. 
related to or 
It is therefore concluded that the more calcareous metasediments of 
the Khan and Oberwasser Formations contained anomalous concentrations 
of tungsten and fluorine prior to the intrusion of the Otjua granite 
and associated intrusives and that the scheelite mineralisation in the 
hornfels is unrelated to infiltrational metasomatism of the Rossing 
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Formation marble and other carbonate units, An epigenetic origin for 
the scheelite mineralisation in the metasediments in thus rejected, 
c) Syngenetic: 
i) Detrital origin: 
Several features argue against a detrital source for the tungsten in 
the metasediments. Scheelite is only present in calc-silicate and 
hornfels, which are interpreted as having been chemical sediments 
prior to metamorphic recrystalisation, while the schist, a 
metamorphosed mud, contains almost no tungsten. This restriction of 
mineralisation to the two most calcic lithologies suggests a chemical 
control on the localisation of scheelite, The rather brittle nature 
of scheelite and its hardness (4.5-5) do not suggest that scheelite 
would survive transportation as detrital grains over significant 
distances. Scheelite is not concentrated along sedimentary structures 
(e.g. bedding planes) in the calc-silicates or hornfels as detrital 
gold or magnetite would be, but is present as very finely disseminated 
grains throughout the host rock, There is no evidence to suggest that 
scheelite is pseudomorphing detrital wolframite either. Therefore a 
detrital origin for the scheelite within the metasediments of the Khan 
and Oberwasser Formations is rejected, 
ii) Chemical Precipitation: 
The confinement of scheelite 
lithologies and the widespread 
to the calc-silicate and hornfels 
regional distribution of scheelite 
suggests that scheelite formation occurred during interrupted periods 
of marl development, the tungsten either being provided from seawater 
or possibly exhalative brines, During essentially isochemical 
metamorphism the marls were converted to calc-silicates and scheelite-
bearing hornfels. No evidence of remobilisation or concentration of 
scheelite by regional metamorphic processes has been noted and it is 
thought that the present day distribution of the scheelite corresponds 
to the original distribution of tungsten within the sediments. 
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The calc-silicates of the Khan and Oberwasser Formations represent 
metamorphosed marls and their intercalation with the discontinuous 
calcareous lithologies and close stratigraphic association with the 
highly calcitic Rossing Formation suggest that shallow marine, 
calcareous, sedimentary processes were in operation. The development 
of muds, now represented by biotite schist, indicates the presence of 
mature argillaceous detritus distal from its provenance area, This 
intercalation of chemical and detrital sediments indicates a low 
energy, shallow water environment. Furthermore, the extensive areal 
distribution of the relatively thin Rossing Formation points to 
considerable crustal stability (at least locally) at the time of 
sedimentation, 
In Nosib times shallow water sediments were deposited both within and 
marginal to a series of rifts or graben structures within continental 
crust (Tankard et al., 1982). The Nosib sediments (Khan Formation) at 
Otjua were deposited close to the southern boundary of the northern 
graben (see Fig. 86), The southern boundary of this graben is marked 
by the Omaruru lineament (see Fig. 87) which is considered by Corner 
(1983) to have played a significant role in controlling sedimentation 
(op.cit, p,353). The absence of mass flow and conglomeratic alluvial 
fan deposits in the Khan and Oberwasser Formations at Otjua and the 
presence of mature detritus and chemical sediments suggests low relief 
to the south-east in Nosib and lower Swakop times and an even, slow 
rate of subsidence within the graben (compare with mass flow deposits 
in the Chuos Formation, the stratigraphic equivalent of the Oberwasser 
Formation, in the southern Central Zone; see Miller, 1983a). The 
presence of minor pyrrhotite in the Rossing Formation and sulphide 
mineralisation in the biotite schist and scheelite-bearing hornfels 
suggest a poorly oxygenated (low Eh) environment at the time of 
sedimentation unless the sulphides were formed from the reduction of 
sulphates (Hall, 1982). The presence of marble units and the 
considerable amounts of interstitial carbonate within the calc-
silicate and hornfels indicate that the pH at the time of marl 
formation exceeded 7.8 (see Pettijohn, 1975, p.423, Fig, 11-27). The 
absence of scheelite mineralisation in the marble horizons suggests 
that scheelite precipitation occurred when the pH of the seawater 
exceeded 7.8, but before the onset of major carbonate deposition, i.e. 
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scheelite crystallised within a "pH window". The controlling factors 
on scheelite formation were therefore the availability of Ca
2
+ under 
the relevant Eh-pH conditions. 
The Khan Formation is the stratigraphic equivalent of the Duruchaus 
Formation developed in the Southern Margin Zone (see Figs.2 and 86, 
also Behr et al., 1983). 
continental evaporitic 
Behr et al. have shown the presence of a 
playa-lake deposit within the Duruchaus 
Formation similar to others developed in continental rifts elsewhere 
in the world (for example the Adelaide geosyncline, Rowlands et al., 
1980). These evaporitic sediments are developed within graben zones 
in close proximity to major fault zones and their potential to host 
mineralisation has been recognised by many authors (see Miller, 1983b 
for discussion on the possible presence of evaporites in the Khan 
Formation and the potential of the Duruchaus and Khan Formations to 
host copper and gold mineralisation). 
It must be emphasised that the Khan and Oberwasser metasediments at 
Otjua are not interpreted as sabhka deposits. There is no evidence to 
suggest that any subaerial deposition occurred. Indeed the highly 
calcic nature of the scapolite in the scheelite-bearing hornfels (see 
Chapter 6) indicates that the precursor to the hornfels was rich in 
calcium, strongly suggesting that scheelite formation occurred in a 
non-emergent, Ca-rich environment. This is in contrast to the 
Duruchaus Formation where considerable alkali and sulphate-rich 
horizons have been identified in sabhka sediments. However, some of 
the textures identified by Behr et al. (1983) in the Duruchaus 
Formation are similar to those developed within the Khan and 
Oberwasser Formations at Otjua: for example the scapolite in Fig. 4, 
Behr et al. (1983, p.6). 
The presence of anomalous fluorine contents (and occasional fluorite 
mineralisation) in the scheelite-bearing hornfels of the Khan and 
Oberwasser Formations at Otjua is of particular interest. Smith 
(1965) noted minor fluorite in quartzites of the "Upper Stage Nosib 
Formation" (Khan Formation equivalent) in the vicinity of the Rossing 
Uranium Mine, suggesting that anomalous fluorine contents may be a 
characteristic feature of Nosib and lower Swakop Group calc-silicates 
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and calcareous quartzites on a regional scale. The association of 
tungsten and fluorine mineralisation in the metasediments may indicate 
the involvement of fluoro complexes in tungsten transport. 
d) Speculations on the Source of the Tungsten: 
With the exception of the relatively thin Matchless Member, there are 
only minor occurrences of basic volcanics within the central Damaran 
(Miller, 1983a). No mafic volcanic rocks of Damaran age have been 
noted in the immediate vicinity of the Schonfeld dome. It therefore 
seems unlikely that the concentrations of tungsten in the lower Swakop 
sediments are related to submarine mafic volcanism. 
In recent years mapping throughout the Damaran orogen has led to the 
identification of several evaporitic sequences and exhalite horizons. 
These sequences 
been suggested 
1981 and 1983). 
are usually marginal to major fractures and it has 
that these fractures controlled sedimentation (Corner, 
For example, on the farm Ohere (see Map 1), tin, 
tungsten, fluorine and minor sulphide mineralisation is associated 
with tourmalinites, idocrase exhalites and scheelite-bearing calc-
silicates of Kuiseb age which are very similar to those described from 
the vicinity of the Broken Hill Pb-Zn deposits (Barnes, 1983). These 
exhalites are thought to mark the position of syn-sedimentary growth 
faults, the fractures having acted as feeder zones for mineralising 
fluids emanating from rifted continental crust. This resulted in the 
development of syn-sedimentary tungsten mineralisation in the calc-
silicates of the Kuiseb Formation. 
A similar origin for the tungsten, 
mineralisation within the sediments 
fluorine and minor sulphide 
of the Khan and Oberwasser 
Formations is proposed. It is suggested that the Omaruru Lineament 
was the deep-seated fracture zone up which mineralising fluids 
migrated. This is important because it suggests that not only did 
major fractures control sedimentation, but that these faults also 
define metallogenic provinces. Tungsten and fluorine mineralisation 
within Khan Formation metasediments is therefore best developed close 
to the Omaruru Lineament (in low energy, restricted basins). 
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e) Conclusion: 
It is postulated that during Nosib and low Swakop times considerable 
quantities of tungsten were exhaled onto the sea floor from a number 
of north-east trending deep-seated faults. These faults controlled 
sedimentation and the subsequent development of linear metallogenic 
provinces. Tungsten was possibly transported from the upper crust by 
fluorocomplexes resulting in a high concentration of tungsten and 
fluorine within the sea water or brines. During periods of 
interrupted marl formation tungsten was precipitated from seawater. 
The presence of a "pH window" during which scheelite formed is invoked 
to explain the lack of tungsten in the marble horizons. 
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10. SUMMARY AND CONCLUSIONS 
The Otjua skarn occurrence has many similarities, though several 
important contrasts, with other tungsten-bearing skarns formed by 
infiltrational metasomatism, The similarities are summarised below: 
1) The Otjua skarn is developed within a thin carbonaceous marble 
horizon in an intercalated pelite/calc-silicate /marble sequence. 
2) A sequence of skarn facies with an idocrase periphery is 
developed. These facies represent progressive replacement of the 
marble. Mineral chemistry studies indicate that certain of the 
skarn facies minerals crystallised from a fluid of fluctuating 
composition and hence evidence of chemical disequilibrium in the 
skarn system is widespread. 
3) The garnet facies hosts the majority of the scheelite 
mineralisation. 
4) The silicate minerals in the later skarn facies show a tendency 
towards Fe and Mn enrichment. 
5) Pegmatite dykes are associated with the granite that was 
responsible for the tungsten mineralisation and both intrusives 
exhibit a myrmekit ic texture. 
6) There are few indications of forceful emplacement of the felsic 
intrusives or the mineralisation and alteration of the country 
rock is minimal. 
The major differences between the Otjua skarn and replacement skarns 
developed elsewhere are: 
1) The granite 
fractionated 
responsible for 
(in Dama ran 
the mineralisation 
terms), exhibiting 
characteristics and is relatively anhydrous. 
is highly 
S-type 
2) The absence of Mo in the scheelite, skarn and intrusives is 
unusual. 
3) The skarn system is relatively Fe-poor and the absence of notable 
sulphide mineralisation is uncommon. 
4) The absence of a retrogressive/hydrated skarn facies containing 
biotite/hornblende makes the deposit very unusual. 
131 
5) There is considerable evidence for a strong structural control on 
the localisation of skarn deposits within the Schonfeld dome, 
6) Due to the high confining pressure at the time of release of the 
skarn-forming fluid from the granite, the skarn is developed at a 
considerable distance from the intrusive (more than 400 metres). 





as a result of infiltrational 
in a similar manner to other 
replacement skarns. This study has also shown that the skarn formation 
processes that are so well documented from the Circum Pacific region 
(associated with mainly Cretaceous intrusions) were already in 
operation in the early Phanerozoic. Not only is the Otjua skarn one 
of the oldest examples of a tungsten replacement body, it is also one 
of the few documented tungsten skarns to have been formed 
synorogenically (albeit in the late stages) when the country rocks 
were undergoing relatively high grade regional metamorphism. The 
important differences between the Otjua skarn and other Phanerozoic 
tungsten skarns are thought to be a result of the different source 
areas of the tungsten and the intrusives. If, as has been suggested, 
the Otjua granite is an anatectic melt derived from Damaran 
metasediments, then the low sulphide and low Mo contents of the skarn 
are a reflection of the geochemistry of lower Swakop Group sediments, 
The fact that tungsten skarn development within the Schonfeld dome has 
been caused by a late tectonic Damaran granite is of particular 
interest. Marlow (1981) concluded in his investigation of uraniferous 
felsic intrusives that uranium mineralisation in the Damaran is 
restricted to late/post-tectonic granites and pegmatites. The 
alaskites at Rossing Uranium Mine, at present the only economic 
uranium body in SWA/Namibia, are dated at 458.::_8Ma, the youngest age of 
Damaran intrusive recorded in the literature. The youngest 
uraniferous leucogranite investigated by Marlow (1981) was the 
Stinkbank leucogranite which, not only has an age similar to that of 
the Otjua granite (484.::_25Ma, Marlow, 1981), as well as a high 
(
87 Sr/ 96 Sr) value of 0.7390 (Haack et al., 1983), but has recently I 
been discovered 
mineralisation. 
to be associated with tungsten-bearing skarn 
Tin mineralisation is also notably hosted by the 
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youngest Damaran granitoids (480-460Ma, Miller, 1983b). Thus, the 
discovery that tungsten skarn mineralisation in the northern Central 
Zone of the Damaran is associated with the later tectonic granites is 
consistent with other types of granite-related mineralisation 
throughout the orogen. 
This study has also shown that there was a subtle, though important, 
regional tectonic control on the development of tungsten skarn 
mineralisation, as there is with tin and uranium in central 
SWA/Namibia. Corner (1981) recognised several lineament zones which 
he interpreted as fault controlled geanticlinal ridges (see Fig. 87, 
also Corner, 1983). Corner noted that most of the uraniferous granite 
and pegmatite occurrences in the central Damaran appear to be related 
to a north-north-easterly-trending structural phase (F~- approximately 
470Ma) that parallels the Welwitschia Lineament. Cores of domal 
structures, notably Khan Formation sediments, are more likely to be 
exposed along this geanticlinal ridge (Corner, 1983). Regional 
mapping of the Ornaruru area has indicated the presence of several 
north-east trending F3 domal structures in the cores of which 
scheelite-bearing lower Swakop Group metasediments are exposed (see 
Map 1). These domal structures are only developed on the north-west 
side of (and close to) the Ornaruru lineament. Mapping has also shown 
that, both within the Schonfeld dome and elsewhere within the vicinity 
of Omaruru, tungsten skarn mineralisation is associated with 
leucogranites developed on the north-west side of the Omaruru 
lineament. This indicates that the F3 (north-east) structural phase 
was of particular importance to the emplacement of late tectonic 
granites (±_480Ma) responsible for tungsten mineralisation. Evidence 
for the existence of a regional shear couple within the Schonfeld dome 
at the time of skarn formation and pegmatite intrusion has already 
been discussed. 
Martin (1978), amongst others, has commented on the paucity of contact 
metasomatic deposits in the central Damaran. Considering the wide-
spread development of calcareous metasediments and the large number of 
granitic intrusions present in the orogen, this apparent lack of 
mineralised skarns is indeed surprising. Martin (1978) concluded that 
the styles of mineralisation and the predominance of granite over all 
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other intrusive rock types were more suggestive of widespread 
anatectic melting of the crust rather than the operation of plate 
tectonic processes during the Damaran orogenic phase. The lack of 
widespread hydrothermal deposits in the Damaran was attributed by 
Martin (1978) to the loss of permeability of the sediments during 
folding and perhaps more importantly the lack of syn-/post-tectonic 
fractures. 
This study of Otjua has shown not strictly 
hydrothermal, metasomatic 
tectonic fracture zone in 
deposits are 
the central 
that, al though 
developed near 





extensive prospecting that has been conducted in central SWA/Namibia, 
skarn deposits have not been paid much attention due to the difficulty 






been considerable dispute over the origin of the Damaran 
a number of models including an ensialic aulacogen model 
Porada, 1977) and various plate tectonic models (Miller, 
subsequent modifications (Martin, 1983) have been proposed 
to explain the various geological features (see also Tankard et al., 
1982, pp.320-326 for a review). On the basis of this study of 
tungsten mineralisation at the Otjua prospect it is postulated that 
the tungsten hosted within the lower Swakop Group sediments was 
derived from deep crustal sources, brought into sea water via deep-
seated fractures and deposited within shallow marine marl sediments 
during the rifting stage of the Damara Province. 
The formation of the Otjua granite and associated mineralisation is 
considered to have little to do with an intrusive formed in a magmatic 
arc at a destructive plate boundary as in the North American 
cordillera. Geochemical evidence (isotopic in 
support this contention. The similarities 
particular) is cited to 
between the styles of 
granite-related tungsten and uranium mineralisation in the Damaran are 
particularily striking. Corner (1983) concluded that the geophysical 
data for the central Damaran showed a stronger compatibility with the 
multiple aulacogen model for the Damaran of Martin and Porada (1977) 
than with a plate tectonic model. 
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Perhaps the most fundamental discovery of this investigation has been 
the recognition of a style of mineralisation characteristic of the 
Proterozoic developed in close proximity to (and suggested as the 
precursor for) a type of mineralisation more characteristic of the 
Phanerozoic, This emphasises the rather unique and transitional 
nature of the Damaran orogeny which spans the Precambrian-Cambrian 
boundary (see Fig. 88). 
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APPENDIX 
1) Whole Rock Analyses: 
Whole rock samples were analysed by X-ray fluorescence (XRF) in the 
Department of Geochemistry, University of Cape Town (for operating 
conditions, see Willis et al,, 1971 and 1972). All major elements, 
except Na, were determined using the lithium tetraborate fusion 
methods of Norish and Hutton (1969). Na and trace elements were 
analysed by XRF using pressed powder briquettes, prepared using the 
method of Baird (1961). Tungsten concentrations were determined by X-
ray fluorescence at Scientific Services, Cape Town. Samples of 
idocrase and garnet facies skarn as well as scheelite-bearing hornfels 
containing high tungsten ( > O.l%W03) contents as determined using 
pressed powder briquettes were reanalysed using lithium tetraborate 
fusion discs. For those samples containing high tungsten contents, 
the concentration determined by the fusion method is quoted in the 
thesis, Fluorine determinations were completed by the specific ion 
electrode method by Scientific Services, Windhoek. 
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XRF Detection Limits: 
Detection limits and errors for trace elements for samples of marble 










































































































2) Electron Microprobe Analyses: 
Mineral grains were analysed using a Cameca Microprobe electron 
microprobe in the Department of Geochemistry, University of Cape Town. 
The size of each polished section was approximately 2cm by 3cm. The 







TLAP for the elements Si, Al, Mg, Na 
PET for the elements Ca, K, Ti, Cr 
LiF (200) for the elements Fe and Mn 
Flow counters with Ar/CH~ gas mixture 
The electron microprobe .. as calibrated using the following standards: 
Si, Mg, Ca Synthetic Standard - Pure Dopside glass 
Ti Synthetic Standard - Rutile 
Mn Synthetic Standard - Rhodonite 
Al, Fe Natural Standard - Kakanui Pyrope 
Cr Natural Standard - Stillwater Chromite 
Na, K Natural Standard - Kakanui Hornbler,de 
Nominal concentrations were corrected using the methods of Bence and 
Al bee (1968) . 
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Explanation of apparent true thickness (see text) 
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W concentration (in ppm) versus wt% CaO content of calc-

















































D = calc-silicate 
• = scheelite-bearing hornfels 
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Sr Th u Zr Nb Mo Cr V Sc Co Pb Zn Cu 
Average trace element concentrations (in ppm) of calc-silicate 
and scheelite-bearing hornfels 
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Average variations of wt% Al203, wt% FeO and wt% MnO contents 
of Rossing Formation marble and skarn facies. (All iron 


























































































































































































































































































































































































Ba Sr u Zr Mo Cr V Pb n Cu y 
Average carbonate-normalised trace element pattern for Rossing 
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Nb 0 Cr V Sc Co Pb Zn Cu Ni 
Average trace element concentrations (in ppm) of skarn facies 















Fig. 41 Average concentrations (in ppm) of Co, Cr, V, 
Ni, Zn, Zr and Yin skarn facies, intrusives and 
metasedirnents 
t:,. = Co 
• = Cr 
0 = V 
• = Ni 
• Zn 
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Fig. 42 Average concentrations (in pprr.) of Ba, Rb, Pb 
and Sr in skarn facies, intrusives and metasediments 
~ = Rb 
o= Ba 
• = Sr 
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Total Ca contents versus wt% Ti0 2 contents for calc-
silicate, scheelite-bearing hornfels and skarn 
D = calc-silicate 
• = scheelite-bearing 
0 = idocrase facies 
.... = garnet facies 
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• = granite 











Ba concentration (in ppm) versus Rb concentration (in ppm) 































• == granite 












Sr concentration (in ppm) versus Rb concentration (in ppm) 



















































































































































































• Rossing alaskite 
• Valene,• alaskite 
Iii> Ida dome alaskite 
<II Goanikontes alaskite 
o Ot,u• r.cl granite 
o Namiblontein red granite 
0 Stinkbank leucogranite 
0 Stinkbank Salem granite 
B Valencia Salem granite 
= Swakopmund Salem granite 
= Ot,osond1ou Salem eranite 
~ Swakop River Salem granite 
)( Fine grained granite 

























60 .. 72 76 
Fig. 52 
%Si02 
ln CaO/(Na20+K20) versus wt% Si02 for some Damaran intrusives 
(after Marlow, 1981) 
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Si02 % 

















Ross,ng alask ite 
Valencia alaskite 
Ida dome alask ite •• Goanikontes alaskite • Otjua red granite 0 • • 
Nam,bfontein red granite 0 .. ~ 
Stinkbank • •• leucogranite Stinkbank Salem granite 0 .. x. 
Valencia Salem granite • • 0 
Swakopmund Salem granite 
='TIC • • Otjosondjou Salem granite [!"II = Swakop River Salem granite c:::, 8 m D .. c:::, Fine grained granite 











54 58 62 66 70 74 
Si02 % 
Rb/Sr (log scale) versus wt% Si02 for some Damaran intrusives 
(after Marlow, 1981) 
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• Valencia alask1te 
" Ida dome alask1te 
4 Goanikontes alaskite 
o Ot1ua red granite 
o Nam1bfonte1n red granite 
0 Stinkbank leucogran1te 
0 Stinkbank Salem granite 
B Valencia Salem granite 
= Swakopmund Salem granite 
= OtjosondJou Salem granite 
~ Swakop River Salem granite 
)( Fine grained granite 
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• = W03 mmskarn 
• = garnet (\) 
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Fig. 59 Garnet, pyroxene, wt% W03 and wt% CaF2 distribution in the OTS 
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Fig. 63 Garnet, pyroxene, wt% W03 and wt% CaF: distribution in the OT17 
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Fig. 65 Compositions of pyroxene from the OT17 
borehole intersection of the RBssing 
Formation skarn expressed as mole 
proportions of diopside (Di), 














Fig. 66 Ternary plot (Al+ Ti)-(Al + Ti)soMgso-
(Al + Ti) so Fe 5 0 for idocrase analyses 
from boreholes OT6, OT24 and OT25 with 
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Plan showing electron microprobe sampling positions in 
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0·00 0·25 0·50 0-75 1·00 
Xco2 
Isobaric curves for the reaction calcite+ quartz~wollastonite 
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300 400 500 600 700 800 900 
•c 
Diagram showing the dependence of equilibrium temperatures 
for the reaction calcite+ quartz~wollastonite on fluid 
pressure at various, fixed XCO? values (after Winkler, 1976) 
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~ . . . .,.. ,.,. ~... . .. .,. 
Fig. 78 Diagramatic cross-
section showing skarn 
facies development and 
varying degrees of 




Fig . 79 Wt% CaO of · scapolite 
contour diagram for the 
skarn system 
74 
Fig. 80 Wt% WQ 3 contour diagram 










% calcite contour diagram 
for the skarn system 
77 
LowHt Fluid/ Rock Ratio 
Highest Fluid/ Rock Ratio 
.~ ) ..... . ., - ' . ,, 
·" 
Fig . 81 
Fac,es 
% garnet contour 
diagram for the skarn 
system 
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Theoretical isotherm diagram 
for the skarn-forming fluid 

















































































































































































































































































































































































































































































































































































































































































































































































































Lineament zones in central SWA/Namibia (after Corner, 1981) showing important uranium occurrences, 
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Fig. 88 Styles of tungsten mineralisation throughout earth history 









TABLE 1 Summary of the essential petrographic differences between 
skarns and scheelite-bearing hornfels 
Skarn 





































very locally poikiloblastic 
and chaotic 
Quartz, pyroxene, scapolite 
and plagioclase 
Pyroxene; very locally 
scapolite and plagioclase 
Anhedral interstitial 
85 
TABLE 2 Whole Rock Sample Localities 
Sample Number Sample Description 
OI101 Rossing Formation 
Marble 
OI102 Idocrase Facies Skarn 
OT103 Idocrase F acies Skarn 
OI104 Garnet Facies Skarn 
OI105 Garnet Facies Skarn 
OI106 Garnet Facies Skarn 
OT107 Garnet Facies Skarn 
OI108 Garnet Facies Skarn 
OI109 Pyroxene Facies Skarn 
OT110 Pyroxene Fades Skarn 
OT111 Pyroxene Facies Skarn 
OT112 Otjua Granite 
OT113 Otjua Granite 
OI114 Pegmatite (probably 
conformable) 
OT11S Pegmatite (possibly 
crosscutting) 
01116 Pegmatite (possibly 
crosscutting) 
OT117 Quartz-biotite Schist 
OT118 Cale-silicate with 
minor biotite 
OT119 Pegmatite (probably 
conformable) 
Sample Locality 
Otjua 1A Grid Line 49W/137S 
Otjua 1A Grid Line 41W/38S 
Otjua 1A Grid Line 31W/10N 
Otjua 1A Grid Line 26W/27-30N 
Otjua 1A Grid Line 27W/29-33N 
Otjua 1A Grid Line 24W/28-29N 
(10m east of line) 
Otjua 1A Grid Line 22W/22-24N 
Otjua 1A Grid Line 17;..'/35-36N 
(Sm east of line) 
Otjua 1A Grid Line 12W/S2-SSN 
(Sm east of line) 
Otjua 1A Grid Line 12W/51-S5N 
Otjua 1A Grid Line 13W/50-S2K 
OM6 Survey Beacon (See Map 1) 
OM6 Survey Beacon (See Map 1) 
Borehole 0123 129.60-133.30m 
Borehole OT23 185.08-188.77m 
Borehole OT20 153.27-157.10m 
Borehole OT23 118.84-120.SOm 
Borehole OT23 66.05-67.54m 




TABLE 2 Whole Rock Sample Localities (contd.) 
Sample Number Sample Description Sample Locality 
OI120 Sulphidic Tonalite Borehole OT14 181.12-184.16m 
OI121 Orbicular and slightly Borehole OI20 167.40-168.83rn 
biotitic Cale-silicate 








































Borehole OT20 79.07-80.03rn 





Otjua Granite 1.2km east of 
Otjua Prospect (see Map 1) 
Otjua Granite 200m west of Tar 
Road (see Map 1) 
jEpako-Otjua Boundary Fence 
I (see Map 1) 
Otjua : Borehole OI16 Assay Sample 
No. 43316 
Otjua : Borehole OT16 Assay Sample 
No. 43322 
Otjua : Borehole OI22 Assay Sample 
No. 24191 
Otjua : Borehole OI22 Assay Sample 
No. 24192 
Otjua : Borehole OT22 Assay Sample 
No. 24219 
Farm Tjirundo Sud Surface Sample 
(see Map 1 ) 
Farm Tjirundo Sud Surface Sample 
(see Map 1) 
88 
TABLE 2 Whole Rock Sample Localities (contd.) 
Sample Number Sample Description Sample Locality 
OT137 Schee lite-bearing Farm Tjirundo Sud Surface Sample 
Hornfels (see Map 1) 
OT138 Schee lite-bearing Farm Tjirundo Siid Surface Sample 
Hornfels (see Map 1) 
OT139 Schee lite-bearing Farm Tjirundo Sud Surface Sample 
Hornfels (see Map 1) 
89 
TABLE 3-1 Metasediments and Metaintrusive 
Biotite Schist I Cale-Silicate Sulphidic Tonalite 
I OTl 17 OT123 OT118 OT121 OT122 OT120 
:very minor slightly slightly 
I biotite biotitic biotitic 
I 
SiOz 56.70 54.66 54.74 65.20 63.28 75.67 
Ti02 .79 .85 .64 .73 .72 .01 
Al:0: 16.86 17. 76 11. 23 11. 17 11. 21 13.74 
Fe 2 0 3 7.87 8.34 .94 
FeO 5.37 4.36 5.03 
MnO .08 .07 . 28 . 15 ')') N.D. . ~-
MgO 5.00 4.89 3.58 3.62 3.61 :-,; . D. 
Cao 4.56 4.31 18. 73 9 .23 10.97 3.50 
Na20 1. 79 2. 17 1.09 2.43 1. 67 3.65 
K2 0 3.79 4.28 .60 1. 71 1. 83 1 .85 
P-Oc 
L -
.20 .20 . 21 . 24 .22 .02 
H20 . 10 . 18 .10 .09 . 16 .06 
LOI 1. 20 1.08 3.61 1. 2.'.. 1.01 .58 
Total 98. 9.'.. 98.79 100. 18 100. 17 99.93 100. 02 
N.B. All iron expressed N.B. All iron expressed N.B. All iron 
as Fe203 as FeO expressed as 
Fe203 
w 15 10 21 10 17 17 
F 2200 1070 535 1508 973 N.D. 
Rb 340 210 36 137 152 143 
Ba 630 740 189 288 346 97 
Sr 183 198 343 411 448 254 
Th 10.6 10.8 32 7.8 9.9 34 
u N.D. 6.4 6.0 N.D. N.D. 15.2 
Zr 165 1 71 151 226 229 109 
Nb 13.8 15. 1 11. 2 12.0 13. 1 37 
Mo 2.5 N.D. 3.3 N.D. 2.6 1. 6 
Cr 11 1 12 1 66 74 76 2.5 
V 183 198 94 91 91 N.D. 
Sc 21 24 14. 3 13.0 14. 1 1. 6 
Co 26 24 16. 7 12.4 14.9 2.0 
Pb 12.6 8.2 N.D. 7.3 7.8 11. 5 
Zn 146 151 146 76 110 12 .3 
Cu 40 64 N.D. N.D. N.D. 140 
Ni 66 73 36 34 37 N.D. 
s 193 546 8.2 N.D. N.D. 1992 
y 31 33 35 36 35 16.0 
Na20/K20 . .:i723 .5070 
Na20+K20 5.58 6.45 
(Alz03+K;:O) /'.>.a::O 
11.54 10. 16 
(Al~02+K20)/(MgO+CaO+Na 2 0) 1 
1. 82 ,. 94 I 
90 
TABLE 3-2 Scheelite-bearing Hornfels 
OT130 OT131 OT132 OT133 OT134 OT135 OT136 OT137 OT138 OT139 
Si02 60.45 51. 58 58.63 49.59 49.70 60.07 67.61 65.35 66. 77 63.56 
TiO: 0.63 0.46 0.73 0.54 0.60 0.64 0.55 0.58 0.71 0.63 
AbO:, 11.80 12.83 12. 16 13.07 12.04 9.44 9.60 9.51 10.54 9.56 
FeO 5.78 9. 15 6.52 9. 16 9.69 5. 12 4.94 5.57 4.47 4.78 
MnO 0.20 0.57 0.43 0.55 0.63 o. 15 0.20 0.25 0. 12 0. 17 
MgO 3.45 4.32 4. 11 3.48 3. 72 3.73 2.38 2.93 2.78 2.26 
Cao 15. 18 18. 81 14. 91 19.94 20.83 16.56 12. 41 12.84 11.53 14.02 
Na20 0.66 0. 72 0.48 o. 77 0.83 0.69 0.31 0.20 0.60 0.67 
K20 0. 14 0. 14 0.62 0.57 0. 18 0. 13 0.32 0.57 0.46 0.30 
P20: 0. 17 0. 14 0.24 0. 15 0. 19 0.22 0. 19 0. 16 0.24 0. 19 
H20 0. 13 0. 10 0. 13 0.08 0.09 0. 10 0.09 0. 11 0.04 0.07 
LOI 1. 28 1. 03 1.2;'., 1. 60 1. 10 2.95 1. 43 2. 15 1. 99 2. 71 
Total 99.87 99.85 100.20 99.50 99.60 99.80 100.03 1 CJO. 22 100.25 98.92 
N.B. All iron expressed as FeO 
w 879 2258 2078 14274 2009 34 86 525 25 2406 
F N.D 1071 827 N.D. N.D. 150 140 150 220 170 
Rb 18. 7 12. 3 54.9 49 22 8.8 17. 8 31 34 20 
Ba 18.9 14.6 84 69 14.5 44 73 276 100 30 
Sr 190 184 116 226 225 286 186 183 138 160 
Th N.D. 23 15.3 11. 6 9.4 14. 2 N.D. 8.4 N.D. N.D. 
u N.D. 6.7 8. 1 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
Zr 158 98 240 114 147 279 168 175 183 185 
Nb 11. 8 37 38 38 38 25 11. 3 11. 6 1 9. 1 67 
Mo 2.5 6.0 5.3 7.9 5.8 4.9 2.9 3.6 4.5 9.0 
Cr 67 63 80 70 68 64 62 63 79 72 
V 88 11 9 112 107 106 79 72 89 103 82 
Sc 13.0 16. 5 17. 8 18.9 17.0 12.0 10.9 13. 2 13.8 10.7 
Co 17. 2 19. 7 24 16.4 20 11. 7 11. 9 13. 3 12. 3 11. 8 
Pb 14. 1 18.6 17. 9 9.0 16.4 16. 1 N.D. 9.2 9. 1 8.4 
Zn 140 198 128 200 274 278 112 123 62 169 
Cu 3.6 N.D. N.D. N.D. N.D. 29 14.6 33 47 7.4 
Ni 37 47 47 40 43 57 29 37 21 33 
s 14.4 N.D. 8.5 N.D. N.D. 28 1636 343 825 29 
y 47 78 88 64 52 92 37 36 60 40 
91 
TABLE 3-3 Marble - Rossing Formation 
OT101 OT124 OT125 OT126 
SiO: 2.85 3. 77 3.01 4.67 
TiO: .03 . 01 .02 .05 
Al 2 0, .61 .38 .42 .84 
FeO .45 .37 .25 . 51 
MnO .10 N.D. N.D. N.D . 
MgO .89 . 77 . 71 .92 
Cao 53. 28 53. 14 53.58 51. 58 
Na20 N.D. N.D. N.D. N.D. 
K20 .07 .08 .03 . 12 
P205 . 16 . 10 .09 . 10 
H:O- .06 .21 . 1 1 .23 
LOI 42.09 41. 5 7 41. 32 40.58 
Total 100.59 100.40 99.54 99.60 
N.B. All iron expressed as FeO 
v,' N.D. N.D. N.D. N.D. 
F N.D. N.D. N.D. N.D. 
Rb N.D. N.D. N.D. 5. 1 
Ba 7.8 8.6 12.7 17. 6 
Sr Hi 1 G 1541 1446 1355 
Th N.D. N.D. N.D. N.D. 
u N.D. N.D. N.D. 5.2 
Zr 9.0 5.7 9.7 12.8 
K::i N.D. N.D. N.D. K.D. 
Mo 14.2 13. 6 87 30 
Cr N.D. 2.9 N.D. 6.2 
V N.D. 4.3 4.4 9. 1 
Sc N.D. N.D. N.D. N.D. 
Co N.D. N.D. N.D. N.D. 
Pb 10.3 N.D. N.D. N.D. 
Zn 4. 1 4.0 12.4 11. 4 
Cu N.D. N.D. 10.5 24 
Ni N.D. N.D. N.D. N.D. 
s 97 25 377 637 
y N.D. N.D. 3.2 3.2 
92 
TABLE 3-4 Tjirundo Prospect Marble - Rossing Formation 
TJM1 TJM2 TJM3 
Si02 1.96 2.04 6.00 
Ti02 . 02 . 01 .06 
Al203 . 15 .24 .85 
FeO .22 .25 .34 
MnO N.D. .04 N.D. 
MgO . 53 .60 .67 
Cao 54.68 53.91 51. 54 
Na20 N.D. N.D. N.D. 
K20 N.D. .03 . 16 
P20s .06 .04 .04 
H20-+LOI 43.52 43.33 40.79 
Total 101.14 100.49 100.45 
N.B. Al 1 iron expressed as FeO 
93 
TABLE 3-5 Skarns 
I 
Idocrase 
. I Garnet Facies Pyroxene Facies Fac1.es 1 
I 
OT102 OT103 f OT104 OT105 OT106 OT107 OT108 OT109 OT110 OT111 
SiO: 38. 77 41. 84 
i 
: 46 .20 45. 10 40.66 42.42 29 .50 49.68 48.37 49.94 
TiO: .84 .52 .03 .05 . 10 .04 . 11 .04 .02 .03 
Al202 12.79 11.06 7.53 8.64 18.67 9.48 10. 18 16. 91 12.57 14.75 
Fe20, .89 1. 45 i 1. 75 1. 40 1.10 1. 78 1. 22 
FeO 5.92 9.65 i 11. 6 7 9.31 7.30 11.89 8. 12 8.75 12.93 11 .06 
MnO .52 . 81 2. 17 2.29 2.26 2. 12 2.49 .42 .64 .47 
MgO 2.84 2. 10 1.07 .84 .38 1.51 .89 .61 .75 .90 
CaO 29.65 25.05 16.09 14.88 22.99 20.76 12. 14 15. 82 17.68 16.75 
Na20 .29 .96 .47 .45 1.02 .55 .30 3.42 1. 99 2.86 
K20 . 01 . 19 .09 . 18 . 1 7 . 12 .09 .60 . 41 .51 
P20s .22 . 15 .09 .07 . 1 1 . 12 .08 . 17 . 15 .10 
H20- 0.06 .07 .09 .10 .03 .01 . 1 1 .04 . 14 .05 
LOI 4.64 4.35 1. 82 1. 89 3. 19 2. 19 2 .01 3.58 3.63 3.87 
CaF2 3. 1 2. 1 11. 3 16.4 1. 9 6.8 32.0 
Total100.54 100.30 M00.37 101. 60 99.88 99.79 99.24 1100.04 99.28 101 .29 
Fe2?2: ~eO ratio
0
fo: i~ocrase and garnet facies skarn selected as 0. 15 on basis of 
est1.mat1.on of Fe~ 1.n 1.docrase and garnet. All iron expressed as FeO for pyroxene 
facies skarn. 
w 722 3783 2835 444 6526 5511 5416 23 21 29 
F Exp essed as CaF2 584 N.D. N.D. 
Rb N.D. 16.3 7.5 20 10.4 7.7 14.3 18.9 14.2 21 
Ba 7.2 10. 7 7.4 9.9 6.9 23 14.0 77 37 34 
Sr 182 159 128 161 158 157 158 189 168 167 
Th 30 29 30 ') ~ ... :) N.D. N.D. 159 N.D. ~.D . DO 
u 12. 7 44 N.D. 6.2 N.D. 6.6 N.D. 9.5 N.D. 7.4 
Zr 126 62 19. 3 25 21 19. 4 25 15.3 10.6 11. 5 
Nb 17. 2 29 27 26 23 4.3 34 42 19.2 25 
Mo 8.2 15.8 56 14. 1 13.0 12. 7 17. 6 4.0 5.9 3.9 
Cr 75 51 15. 1 15.0 11. 3 12.2 15. 1 6.0 8.0 5.6 
V 137 101 8.6 12.3 51 39 28 8.0 9.5 12.4 
Sc 14. 7 17. 0 8.8 7.8 14.2 7.6 4. 8 • 19. 9 7.9 11. 0 
Co 16.8 17. 7 14.4 14.0 8.3 18.2 12 .o 11. 1 19. 9 15.9 
Pb 8.4 9.6 N.D. N.D. 8.2 N.D. 7. 4 i 29 11. 3 23 
Zn 480 677 375 391 260 538 169 
I 
i 232 247 272 
Cu N.D. N.D. N.D. N.D. N.D. N.D. 
I 
3. 9 ! 1. 9 6.8 5.0 
Ni 36 22 5.8 8. 1 N.D. 13.2 5 .6 i 4.2 7.9 5.9 
s 122 42 56 N.D. N.D. N.D. 12.8 N.D. 141 N.D. 
y 71 194 8.2 9.2 85 1 7. 9 38 31 26 25 
TABLE 3-6 Granites 
Otjua Granite Fine grained Granite 
OT112 OTl 13 OT127 OT128 OT129 
SiO: 72.80 7 3. 17 73.44 71. 66 73. 44 
Ti02 .25 .25 .26 . 35 .28 
Al 2 0:; 13.49 1 3. 41 13.84 14.80 13.46 
Fe;:O, 2.25 2. 19 2.24 1. 89 2.49 
MnO N.D. N.D. N.D. N.D. N.D. 
MgO .34 .30 .34 .47 .39 
Cao 1. 54 1.54 1. 32 .62 1. 49 
Na20 2.49 2 .53 2.36 2.60 2.44 
K20 5.52 5.56 5.66 6.36 5.47 
P205 .10 .07 .08 . 41 .07 
H:20- .04 .09 . 14 .20 . 1 7 
LOI .44 .54 .58 .90 .60 
Total 99.26 99.65 100.26 100.46 100.30 
w 14 8 8 N.D. 9 
F 487 730 N.D. N.D. N.D. 
Rb 353 358 348 302 310 
Ba 278 307 306 280 314 
Sr 73 81 79 61 83 
Th 41 70 40 19.4 46 
u 7.5 8.7 4.8 7. 1 6.4 
Zr 207 195 208 162 223 
Nb 38 35 39 10.8 38 
Mo N.D. N.D. N.D. N.D. N.D. 
Cr 8.4 4.9 4.3 4. 1 5.9 
V 9.3 9.4 10.3 6.6 9.9 
Sc 6.3 5.2 4.9 1. 1 6. 1 
Co 3.2 3.7 3.9 3.3 3.9 
Pb 32 34 30 46 38 
Zn 31 28 32 91 29 
Cu N.D. N.D. N.D. N.D. N.D. 
Ni N.D. N.D. N.D. N.D. N.D. 
s 99 N.D. N.D. 11. 6 N.D. 
y 63 85 57 5.7 52 
Rb/Sr 4.84 4.42 4.41 4.95 3.73 
K/Rb 130 129 135 175 146 
K/Ba 165 150 154 189 145 
Ba/Rb 0.79 0.86 0.88 0.93 1.01 
Ca/Sr 151 136 119 96 128 
Ba/Sr 3.8 3.8 3.9 4.6 3.8 
























































Average low-calcium Granite 












TABLE 3-8 Pegmatite 
OT114 OT115 OT116 OT119 Average Otjua Pegmatite 
Si02 72. 66 75.54 73.99 74.23 74. 11 
Ti02 .07 N.D. .07 N.D. 0.04 
Al::: 0 3 15.04 13.58 13.52 14.25 14.10 
Fe202 1. 68 .92 1. 45 .67 1. 18 
MnO N.D. .04 N.D. .06 0.03 
MgO .22 N.D. . 18 N.D. 0. 10 
Cao 1. 19 1.01 1.09 .84 1.03 
Na20 4. 16 4.32 3.50 4.18 4.04 
K20 5. 11 4.28 5 .10 5.26 4.94 
P20s .05 N.D. .06 N.D. 0.03 
H20- .04 . 11 .04 .02 0.05 
LOI .38 .40 .44 . 15 0.34 
Total 100.60 100.20 99.44 99.66 
w 1 3 8 16 17 
F N.D. N.D. N.D. N.D. 
Rb 371 236 444 339 
Ba 48 21 57 96 
Sr 26 15.3 44 33 
Th 57 4.5 28.0 N.D. 
u 19.9 4.0 21 4.4 
Zr 39 22 47 27 
Nb 70 10.3 127 88 
Mo N.D. N.D. N.D. N.D. 
Cr 2. 1 2.2 3.3 3.5 
V 1. 8 N.D. N.D. N.D. 
Sc 6. 1 6.3 7.6 5.5 
Co 2.7 1. 4 2.0 N.D. 
Pb 98 83 69 66 
Zn 31 4.0 31 13.6 
Cu N.D. N.D. N.D. N.D. 
Ni N.D. N.D. N.D. N.D. 
s N.D. N.D. N.D. N.D. 
y 221 46 109 19.5 
Rb/Sr 14.3 15.4 10. 1 10. 3 
K/Rb 114 151 95 129 
K/Ba 884 1692 743 455 
Ba/Rb 0. 13 0.09 0. 13 0.28 
Ca/Sr327 472 177 182 
Ba/Sr 1. 8 1. 4 1. 3 2.9 













Scheelite-bearing Hornfels : Correlation Coefficient between W 
Concentration and Major Oxide Contents 
(wt.%) Correlation Coefficient 
versus SiO -0.61 
' -
versus Tio -0.32 
' 
~ 
versus Al 0 +0.58 
2 3 
versus FeO +0.57 
versus MnO +O .53 
versus MgO +0. 16 
versus Cao +0.56 
versus Total Alkalico +O. 76 
versus p 0 -0.43 - 5 L 
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TABLE 5 Regression Line Curves for Figures 43-47 
x-axis y-axis Rock 
Type 
R2 a b 
Fig. 43 wt%Si02 vs Tot.Ca 1.0 48.87 -0.65 Cale-Silicate 
Fig. 43 wt%Si02 vs Tot.Ca 0.95 30. 71 -0. 33 W-Hornfels 
Fig. 43 wt%Si0z vs Tot.Ca 0.84 46.53 -0.67 Skarn 
Fig. 44 Tot.Ca vs wt1~MgO 1.00 3.66 -0.01 Cale-Silicate 
Fig. 44 Tot.Ca VS wt%Mg0 0.45 1.04 0.20 W-Hornfels 
Fig. 45 Tot.Ca vs wt%Fe0+ 0.74 7.51 0.13 Cale-Silicate 
MnO+MgO 
Fig. 45 Tot.Ca vs wt%Fe0+ 0.83 -1.90 1.07 \..'-Hornfels 
MnO+MgO 
Fig. 47 Tot.Ca vs wt%Na2 O+ 1.00 6.39 -0. 35 Cale-Silicate 
K20 
Fig.47 Tot.Ca VS wt%Na20+ 0 .19 0.50 0.04 W-Hornfels 
K20 




= Coefficient of Determination 
ZLIN Linear Regression Equation: y =a+ bx 























Sample Description Sample Locality 
Idocrase +pyroxene+ calcite Borehole OT24 
skarn 
Idocrase +pyroxene+ calcite Borehole OT24 
skarn 
Pyroxene+ scapolite skarn 
Idocrase +calcite+ pyroxene 
skarn 
Garnet+ pyroxene+ scapolite 
+ scheelite + fluorite skarn 
Idocrase + pyroxene skarn 
Pyroxene+ scapolite + 
scheelite skarn 
Pyroxene+ scapolite + 
scheelite + fluorite skarn 
Garnet+ pyroxene+ scapolite 
+fluorite+ scheelite skarn 
Garnet+ scapolite + fluorite 
+ pyroxene skarn 
Pyroxene+ scapolite + 
fluorite+ scheelite skarn 
Garnet+ pyroxene+ scapolite 
+fluorite+ scheelite skarn 
Garnet+ pyroxene+ fluorite 
+ scheelite skarn 
Pyroxene+ scapolite + 
fluorite+ scheelite skarn 
Garnet+ pyroxene+ scapolite 
+fluorite+ scheelite skarn 
Garnet+ scapolite + fluorite 
+ scheelite skarn 
Garnet+ pyroxene+ scapolite 
+ scheelite + fluorite skarn 
Garnet+ pyroxene+ scapolite 
+fluorite+ scheelite skarn 
Pyroxene+ fluorite+ 
scheelite skarn 
Idocrase +garnet+ pyroxene 
+ calcite skarn 




























* Traverse across intersection (see Fig. 59) 































Slide Localities of Skarn hosted by the Rossing Formation (contd.) 
Sample Description 
Pyroxene+ scapolite skarn 
Pyroxene+ scapolite skarn 
Garnet+ pyroxene+ fluorite 
+ scheelite skarn 
Garnet+ pyroxene+ scapolite 
+fluorite+ scheelite skarn 
Sample Locality 
Surface sample: 
12 West trench 
WRAOT110 
Surface sample: 
12 West trench 
WRAOT110 
Surface sample: 
26 West o/crop 
WRAOT104 
Surface sample: 




TABLE 6-2 Slide Localities of Cale-silicate and Scheelite-bearing Hornfels 
Slide No. Sample Description Sample Locality Assay No. 
24478 Scheelite-bearing hornfels Borehole OT26 24565 
24479 Cale-silicate Borehole OT25 
258.50 metres 
24481 Cale-silicate Borehole OT16 
125.35 metres 
43312 Scheelite-bearing hornfels Borehole OT16 43312 
86.93 metres 
43323 Schee lite-bearing hornfels Borehole OT16 43323 
102.88 metres 
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TABLE 7-1 Scapolite Representative Analyses 
Idocrase Facies 
Analysis No, l 2 3 4 
Slide No. 24476 24476 24476 24475 
Si02 47.41 46.61 44.94 45.61 
Ti02 .03 ND ND .02 
Alz03 25. 74 26.14 26.44 26.61 
FeO .08 .07 .09 . 12 
MnO ND ND .01 .03 
MgO .03 .01 .02 . 01 
Cao 16.84 17.20 18.30 17.00 
Na:O 3.43 3.24 2.79 3.39 
K20 .70 .64 .47 .62 
Total 94.26 93.91 93.06 93.41 
Atomic Proportions on basis of 12.0 (Si+Al) 
Si 7,318 7.225 7.086 7. 111 
Al 4.682 4. 775 4.914 4.880 
Ti .004 .002 
Fe .010 .009 .012 .016 
Mn .001 .004 
Mg .007 .002 .005 .002 
Ca 2.785 2.857 3.092 2.840 
Na 1.027 .974 .853 1.025 
K .138 .127 .095 .123 
3.971 3.969 4.058 4.012 
% Me 70. 7 72.3 76.6 71. 4 
% Me = (Ca+Mg+Fe+Mn+Ti) 
(Na+K+Ca+Mg+Fe+Mn+Ti) 
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TABLE 7-1 Scapolite : Representative Analyses (continued) 
Idocrase 
Transitional I 
Idocrase-Garnet Garnet Facies 
Facies i Facies B/Hole OT15 l 
Analysis No. 5 6 : 7 8 9 I 10 11 12 13 1 4 1 5 
i 
Slide No. 24472 24472 24646 24646 24646 124637 24637 24626 24626 24630 24630 
! 
Si02 44.97 45. 83 ; 45. 7 5 45. 14 45.30 i45.52 45.63 46.49 46.78 44.57 45.70 
Ti02 N.D. N.D. I .03 N.D. .02 / N.D. N.D. N.D. .01 . 01 N.D. 
Al:03 27.40 2 7. 35 : 2 7. 81 27.82 2G.22 125.65 25.80 26.62 26.02 26.29 25.85 
FeO .10 , 10 I .04 . 15 . 12 I . 19 . 15 .10 .07 . 12 .18 
MnO N.D. .01 .06 N.D. .01 .03 .OS N.D. .01 .03 .J3 
MgO .01 03 ; • i . 01 . 01 N.D. .01 N.D. .01 .02 .01 .02 
Cao 18. 91 18.68 17. 96 17.62 17.79 ;20.90 19.45 17.30 17. 72 20.99 18.76 
Na20 1. 84 1. 97 3. 11 2.79 2. 77 i 1. 60 2.00 3.65 3.61 1. 37 1. 84 
K20 .38 .38 .33 .29 .26 i . 17 . 31 .50 .47 .18 .38 
Total 93.61 94.35 95. 10 93.82 94.49 .94.07 93.39 94.67 94.71 93.57 92.76 
Core Rim 
Si 6.984 7.045 ' 6. 991 6.951 6. 920 , 7. 211 7.201 7. 165 7.248 7.079 7.200 
Al 5.016 4.955 5.009 5.049 5.080 4.789 4.799 4.835 4.752 4.921 4.800 
Ti .003 .002 .001 .001 
Fe .013 .013 .005 .019 .015 .025 .020 .013 .009 .016 .024 
Mn .001 .008 .001 .004 .007 .001 .004 .004 
Mg .002 .007 .002 .002 .002 .002 .005 .002 .005 
Ca 3. 14 7 3 .077 2.941 2.907 2.912 3.547 3.289 2.857 2.942 3 .572 3. 167 
Na .554 .587 .922 .833 .820 .491 . 612 1. 091 1. 085 .422 .562 
K .075 .075 .064 .057 .051 I 
I 
.034 .062 .098 .093 .037 .076 
i 
' 
Total 3.791 3.760 3.945 3.818 3.801 
I 
:4.103 3.990 4.061 4. 136 4.054 3.838 
I I %Me 83.33 82. 30 I 7 4, 89 76.56 76.97 ;87.09 82.98 70.61 71. 42 88.63 83.22 
104 
TABLE 7-1 Scapolite Representative Analyses (continued) 
Transitional Garnet-Pyroxene Pyroxene Facies 
Facies (Borehole OT14) 
Analysis No. 16 17 18 19 20 
Slide No. 24649 24649 24649 24656 24656 
Si02 43.71 45.59 46.91 48.46 51. 10 
Ti02 .03 . 11 .03 . 01 .02 
Al203 27.49 26.88 26.73 25.78 27.46 
FeO .08 . 17 . 19 .08 .02 
MnO . 02 .03 .02 N.D . .03 
MgO N.D. N.D. . 01 N.D. N.D. 
Cao 18.35 17.60 16.92 13.25 13.47 
Na20 2.91 3.07 3.45 5.67 5.05 
K:O .47 .42 .60 . 5 3 .52 
Total 93.06 93.87 94.86 93.78 97.67 
Core Rim Core Rio 
Si 6.892 7.080 7. 179 7.376 7.347 
Al 5. 108 4.920 4.821 4.624 4.653 
Ti .004 .013 .004 .001 .002 
Fe . 011 .022 .024 .010 .002 
Mn .003 .004 .003 .004 
Mg .002 
Ca 3. 100 2. 929 2. 774 2. 161 2.075 
Na .890 .924 1. 024 1. 6 7 3 1. 408 
K .095 .083 . 117 .103 .095 
Total 4. 103 3.975 3.948 3.948 3.586 
%Me 75.90 74.40 70.86 54.88 58. 1 
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TABLE 7-1 Scapolite Representative Analyses (continued) 
Schee lite-bearing Hornfels 
Analysis No. 21 22 23 24 25 
Slide No. 43312 43312 43312 43312 43312 
Si02 47.46 45.91 47.57 46.83 47.35 
Ti02 .03 .02 N.D. N.D. N.D. 
Al203 22.83 24.20 22.89 23.92 23.98 
FeO .10 . 12 . 18 .06 .08 
MnO .02 N.D. .03 .01 .06 
MgO . 01 0.02 N.D. N.D. . 01 
cao 19. 14 18.56 19.23 18.48 18.52 
Na:-:0 2. 15 2.28 2.09 2. 41 2.34 
K20 . 21 .25 .24 .30 .25 
Total 91. 95 91. 36 92.23 92.01 92.59 
Atomic Proportions on basis of 12.0 (Si + Al) 
Si 7.658 7.402 7.657 7.491 7.515 
Al 4.342 4.598 4.343 4.509 4.485 
Ti .004 .002 
Fe .014 .016 .024 .008 . 011 
Mn .003 .004 .001 .008 
Mg .002 .005 .002 
Ca 3.309 3.206 3.317 3. 167 3. 149 
Na .673 . 713 .652 .747 . 720 
K .043 .051 .049 .061 .051 
Total 4.048 3.993 4.046 3.984 3.941 
%Me 82.3 80.9 82.7 79.7 80.4 
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TABLE 7-2 Pyroxene Representative Analyses 
Idocrase Facies I Transitional Idocrase-Garnet Facies 
Slide No. 24625 24625 24625 24625 24625 : 24646 246.'.6 24646 24646 24646 
Si02 48.60 48.92 49.24 48.81 48.70j48.45 48.38 48.46 49. 19 48.43 
Ti02 N.D. N.D. N.D. N.D. N.D. : N.D. 0.06 N.D. N.D. N.D. 
Ab03 0.32 0.40 0. 29 0.37 o. 34 1 0.34 0.68 0.32 0.28 0.40 
Cr203 N.D. N.D. N.D. N.D. N.D. 0.04 0.05 N.D. N.D. 0.08 
FeO 19. 95 19. 17 18.43 18.68 20. 10 21. 16 21. 30 21. 28 21. 45 20.91 
MnO 2.09 2.47 2.26 2.32 2. 77 3.26 2. 96 2.93 2.98 3.25 
MgO 4.68 4. 72 5.42 5.27 4.27 3.33 3.21 3.31 3.25 3. 19 
Cao 23.95 23 .58 23.93 24.20 24.00 23.52 23.45 23.48 23.44 23.67 
Na20 o. 12 0.07 0. 11 0. 11 0.08 0.08 0. 11 0.07 0.07 0.08 
K20 N.D. N.D. t-..D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
Total 99.71 99.33 99.68 99.76 100.26 100. 18 100.20 99.85 100. 66 100 .01 
I 
Cation proportions based on 
I 
6 oxygens 
Si 1. 95 7 1. 969 1. 96 7 1. 955 1. 95 7 1. 960 1. 955 1. 965 1. 975 1. 962 
Ti 0.002 
Al 0.015 0.019 0.014 0.017 0.016 0.016 0.032 0.015 0.013 0.019 
Cr 0.001 0.002 0.003 
Fe o. 672 0.645 0.616 0.626 0. 675 j 0.716 o. 720 0. 722 o. 720 0.708 
Mn 0.071 0.084 0.076 0.079 0.094 ! 0. 112 0.101 0.101 0.101 0.112 
Mg 0.281 0.283 o. 323 0.315 0. 256 : 0.201 0.193 0.200 0. 194 0. 193 
Ca 1. 033 1.017 1. 024 1. 039 1.033 1. 020 1 . 016 1 .020 1. 009 1. 027 
Na 0.009 0.005 0.009 0.009 0.006 0.006 0.009 0.006 0.005 0.006 
K 
I 
Sum 4.038 4.022 4.029 4.040 4.037 I 4.032 4.030 4.029 4.017 4.030 
107 
TABLE 7-2 Pyroxene Representative Analyses (continued) 
Garnet Facies J Transitional Garnet-Pyroxene Facies 
Slide No. 24637 24637 24660 24660 
I 





































































I 1. 39 
i 23. 10 






46.74 47.74 47.40 47.75 
N.D. N.D. N.D. 0.04 











































Cation proportions based on 6 oxygens 
1.989 1.981 1.982 1.973 1.956 llf 1.9_57 
0.002 I 


































1.952 1.964 1.960 1.965 
0.001 



















1 .o 15 
0.009 
4.000 4.009 4.011 4.019 4.028 14.039 4.047 4.033 4.034 4.029 
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TABLE 7-2 Pyroxene Representative Analyses (continued) 
Pyroxene Facies 
Slide No. 24655 24655 24655 24655 24655 
Si02 47.60 49.61 48.23 48.21 48.34 
Ti02 N.D. N.D. N.D. 0.06 N.D. 
Al 203 0.29 o. 16 0.28 0.26 0.12 
Cr203 N.D. N.D. N.D. N.D. N.D. 
FeO 26.58 24.84 25.83 26.40 25.90 
MnO 1. 18 1. 35 1. 18 1. 12 1. 24 
MgO 1. 45 1. 75 1. 86 1.43 1. 64 
CaO 23. 18 22.80 22.75 22.91 22.89 
Na20 0.09 0.05 0.09 0. 11 0.08 
K20 N.D. N.D. N.D. N.D. N.D. 
Total 100.37 100.56 100.22 100.50 100.21 
Cation proportions based on 6 oxys.:cns 
Si 1. 955 2.004 1. 971 1 . 971 1. 977 
Ti N.D. N.D. N.D. 0.002 N.D. 
Al 0.014 0.008 0.013 0.013 0.006 
Cr 
Fe 0.913 0.839 0.883 0.903 0.886 
Mn 0.041 0.046 0.041 0.039 0.043 
Mg 0.089 0. 105 0. 113 0.087 0.101 
Ca 1 .020 0.987 0.996 1.003 1. 003 
Na 0.007 0.004 0.007 0.009 0.006 
K 
Sum 4.039 3.993 4.024 4.027 4.022 
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TABLE 7-2 Pyroxene Representative Analyses (continued) 
Scheelite-bearing Hornfels Cale-silicate 
' Slide No. 43323 43323 43312 43312 244 78 1 24479 24479 24481 24481 24481 
! 
Si02 51. 23 51. 78 50.50 50.44 
i 
so .34 I 52.64 52.50 51. 88 51. 78 51 . 61 
Ti02 .03 .01 .04 .05 .04 I .05 .05 .04 .04 • 01 
AlzO: . 41 .22 . 41 .46 .58 .45 .42 . 37 .54 . 41 
Cr202 .05 .02 N.D. N.D. N.D. N.D. .03 .04 .05 .04 
FeO 16.22 15.79 18.38 17.99 17. 61 11. 11 11 . 18 11. 70 11. 82 11 . 94 
MnO 1.06 1. 17 2.26 2.20 
I 
1. 24 I .58 .66 . 51 .57 . 51 
MgO 7.95 8.00 5.75 5 .82 7. 02 I 11. 7 5 11. 62 10.94 11. 00 11 . 1 3 
CaO 22. 77 23. 16 22.81 22.86 22.95 23.81 23.88 24.08 23.64 23.98 
Na20 . 12 .06 0.07 .09 . 14 . 16 . 13 . 12 . 14 .14 
Total 99.84 100.21 100.22 99.91 99.92 \100.ss 100. 4 7 99.68 99.58 99. 77 
i 
I 
Cation proportions based on 6 oxygens 
! 
i 
Si 1. 995 2.005 1. 991 1. 992 1. 977 i 1. 985 1. 984 1. 983 1. 981 1. 974 
Ti .001 .001 .002 .001 : .002 .001 .001 .001 
Al .019 .010 .019 .021 . 027 I .020 .019 .017 .024 .018 
Cr .002 .001 I 0.001 .001 .002 .001 
Fe .528 . 511 .606 .594 . 578 i .350 . 353 .374 .378 .382 
Mn .035 .038 .076 .074 . 041 ! .019 .021 .017 .018 .016 
Mg . 461 .461 .338 .343 . 411 ! .661 .655 .623 .627 . 635 
Ca .950 .961 . 964 . 96 7 . 966 . 962 . 967 .986 . 969 .983 
Na .009 .004 .006 .007 . 011 .012 .010 .009 . 011 .011 
I 
Sum 4.000 3.991 4.001 4.000 4.012; 4.011 4.011 4.011 4.011 4.020 
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TABLE 7-3 ldocrase Representative Analyses 
Analysis No. 2 3 4 5 6 
Slide No. 24476 24476 24472 24472 24625 24625 
Si02 36.36 35.64 36.09 36. 18 36.44 36.57 
Ti02 1. 03 . 91 1.20 1. 15 1. 09 1. 7 3 
Al 20 3 15.30 16.83 16.34 15.90 16.58 15.49 
Cr203 N.D. . 01 .04 N.D. N.D. .02 
FeO 4.51 4.58 4.95 5.23 4.95 5.32 
t-'1110 .63 .58 .66 .65 .68 .67 
MgO 1. 54 1.58 1. 37 1. 4 7 1. 17 1.27 
CaO 35.67 35.86 35.45 35. 53 35. 12 35.06 
Ka20 .03 .04 .02 .04 .07 .08 
K20 N.D. N.D. N.D. N.D. .01 N.D. 
Total 96. 07 96 .03 96.12 96.15 96. 11 96 .21 
Cation proportions calculated on the basis of 78 oxygens 
Anal. ~fo. 2 3 4 5 6 
Si 17. 95 7 18.0 17.644 18.0 17.854 18.0 17.926 18.0 17.990 18.0 18.087 Al .043 .356 .146 .074 .010 
Al 9.445} 9.46] 9.381} 9.21] 9.637} 9.021 Ti .383 .339 .446 .429 .405 .643 
Cr 
1.863 12.825 1:~~~ 12.869 2:~1~ 12.901 2.167 12.893 2.044 12.947 2:~~~ 12.817 Fe 
Mg 1 . 134 1.166 1 .010 1. 086 .861 .936 











~~;; 18.937 Na 
K - - - - .006 
OH 9.883 9.907 9.900 9.915 9.879 9.897 
Cation proportions calculated assuming H20 contents of 3wt% 
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TABLE 7-4 Garnet Representative Analyses 
Analysis No. 2 3 4 5 6 
Slide No. 24659 24659 24659 24646 24632 24632 
SiO~ 37.65 37.87 37.81 38.73 37.40 38.03 
TiO: . 1 7 N.D. .08 .12 .05 . 14 
Al202 19.56 20.39 19.98 20.23 20. 74 20. 17 
Cr203 N.D. N.D. N.D. N.D. N.D. N.D. 
FeO 9.24 12.44 12.08 6.41 13.83 10.70 
MnO 4.54 6.64 6.58 3.40 8.38 7. 77 
MgO N.D. .04 .04 .04 . 16 .09 
Cao 27.89 22. 18 23.00 31 . 11 19. 61 23 .28 
Total 99.05 99.56 99.57 100.04 100. 17 100. 18 
Atomic proportions calculated on the basis of 12 oxygens 
Si 2.979 2. 996 2. 996 2.998 2. 963 2.992 
Ti .010 .005 .007 .003 .008 
Al 1. 824 1. 901 1. 866 1. 846 1. 937 1.870 
Cr >+ 
Fe" . 176 .099 .134 . 154 .063 .130 -+ 
Fe'" .436 . 724 .667 .261 . 853 .5 74 
Mn .304 . 445 .442 .223 .562 .518 
Mg .005 .005 .005 .019 . 011 
Ca 2.365 1. 880 1. 953 2.580 1. 665 1. 962 
Sum 8.094 8.050 8.068 8.074 8.065 8.065 
Mol% of end members (see Shimazaki, 1977) 
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TABLE 8 Rossing Formatio~lsotopicComposition of Marble Calcite 
Sample No. Sample Locality 0180 613c Number of Analyses 
a) OTS-00-P103 Surface : line 49 West +15.4 +0.3 2 
OTS-01-P104 Borehole OT1 +15.2 +O. 1 2 
OTS-20-125 Borehole OT20 +15.5 +0.3 3 
OTS-15-58665 Borehole OT15 +15.2 +0.2 2 
OTS-26-0008 Borehole OT26 +15.6 +0.2 3 
b) OTS-00-01 2km east of Line 12 West +15.2 +0.4 2 
OTS-00-02 375m east of Line 12 West +16.2 -1.0 1 
OTS-00-03 500m west of Line 49 West +15.8 0.0 2 
OTS-00-04 800m west of Line 49 West +15.9 +1 .3 2 
c) OTS-00-05 TSM1 marble - Tj irundo Sud +15.4 +0.3 2 
(see Map 1) 
OTS-00-06 IS:c2 r.,arble - Tj iru::.do Sud +15.2 -0.7 ,.., '"-
(see Map 1) 
n 11 1 1 
X 15.5 0.1 
s. Dev. 0.3 0.6 
Max. Value 16.2 1. 3 
Min. Value 15 .2 -0.7 
a) Samples from Otjua prospect 
b) Samples from vicinity of Otjua prospect 
c) Samples from Okakombo horst 
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TABLE 9 Rossing Formation Isotopic Composition of Skarn Calcite 
Sample No. L0calitv Skarn Facies 0160 o13c 
OTS-06-58452A Borehole OT6 Idocrase 15.4 -5.4 
OTS-24-24409 Borehole OT24 Idocrase 15. 6 -4.4 
OTS-24-244 72 Borehole OT24 Idocrase 15. 3 -4.6 








OTS-22-24253 Borehole OT22 Garnet 15. 2 -4.2 
OTS-10-94495 Borehole OT10 Garnet 15. 2 -5.9 
OTS-17-24636 Borehole OT17 Garnet 15. 3 -5. 1 
n 8 8 
- +15.3 -5. 1 X 
s. Dev. 0. 1 0.6 
Max. Value +15.6 -4.2 
Min. Value +15.2 -5.9 
TABLE 10 Closed System Fractionation : 613 C values of the residual 
calcite at various temperatures 
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Percent Calcite Remaining 230°C(o.=1.001) 300°C(·J=1.0021) 550°C(a=1.0027) 
100 0. 1 0 .1 0. 1 
90 0 -0.11 -0. 17 
80 -0. 1 -0.32 -0.44 
70 -0.2 -0.53 -0.71 
60 -0.3 -0.74 -0.98 
50 -0.4 -0.95 -1. 25 
40 -0.5 -1. 16 -1. 52 
30 -0.6 -1. 37 -1. 79 
20 -0.7 -1 .58 -2.06 
10 -0.8 -1. 79 -2.33 
5 -0.85 -1. 90 -2.47 
-0.89 -1. 98 -2.57 
Fractionation Factors from Bottinga (1968) 
TABLE 11 Open System: Rayleigh Fractionation : 613 C values of the 
residual calcite at various temperatures 
11S 
Percent Ca lei te 230°C(:x=1.001) 300 °C (.:1= 1 . 0021) 3 5 O ° C C\ = 1 . O O 2 5 ) 500°C(a:=1.0028) 
Remaining 
100 0.1 0. 1 0. 1 0. 1 
90 -0.01 -0. 12 -0. 16 -0.20 
80 -0. 12 -0.37 -0.46 -0.52 
70 -0.26 -0.65 -0. 79 -0.90 
60 -0.41 -0.97 -1. 18 -1.33 
50 -0.59 -1. 35 -1 .63 -1. 84 
40 -0.82 -1 .82 -2. 19 -2.46 
30 -1. 10 -2.43 -2.91 -3.27 
20 -1. 51 -3.27 -3.92 -4.40 
10 -2.20 -4. 72 -5.64 -6.33 
5 -2.89 -6. 17 -7.36 -8.25 
-4.50 -9.53 -11 . 35 -12. 71 











Isotopic Composition of lnterstitial Calcite from Scheelite-
bearing Hornfels 
Sample Locality (180 013c 
Otjua - Whole Rock 18.5 -4.9 
Analysis OT130 
Otjua - Whole Rock 17. 6 -2.5 
Analysis OT132 
Otjua - Whole Rock 16.0 -4.0 
Analysis OT133 
Otjua - Whole Rock 16. 1 -5.8 
Analysis OT134 
Tjirundo Sud - Whole 17.8 -3.9 
Rock Analysis OT137 
Tjirundo Sud - Whole 17. 2 -3.8 
Rock Analysis OT139 
Tjirundo Sud 16. 4 -3.4 
Tjirundo Sud 16.5 -2.7 
n 8 8 
X 17 .o -3.9 
s. Dev. 0.8 -1.0 
Max. Value 18.5 -2.5 









Isotopic Composition of coexisting Graphite and Calcite from 














500m west of 
Otjua skarn 























(Temperatures obtained from: 6 13 C(Cc-Gr) 
(from Valley and O'Neil, 1981) 
-0.00748I + 8.68 (T in°C) 
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TABLE 14 61€0 Values for Quartz and Feldspar from Pegmatite 
Sarnp le No. Sample Quartz K-feldspar 6(Quartz-K-feldspar) Temperature (°C) 
Locality 
WRAOT114 See Table 16. 7 14.8 +1. 9 290 
2 
WRAOT115 See Table 16. 4 14.0 +2.4 240 
2 
WRAOI116 See Table 16. 1 14.3 +1.8 300 
2 
Average 16.4 14.4 +2.0 280 
Crystallisation Temperatures calculated from: 
1000 lna = (0.74)10 6 I- 2 - 0.43 (Tin kelvin) 
Quartz-K-feldspar 
(from Matsuhisa et al., 1979) 
TABLE 15 Isotopic Composition of Calcite from vuggy Calcite-bearing 
Pegmatite 
Sample No. Sample Locality 
OTS-26-37650 Borehole OT26 
OTS-26-38190 Borehole OT26 












Temperatures calculated from Quartz-calcite fractionation 
curve (Friedman and O'Neil, 1977) using average 618 0 value 
of 16.4 for pegmatite quartz 
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TABLE 16 Average Inter-element Ratios for the Skarn Facies 
Idocrase Facies Garnet Facies Pyroxene Facies 
Ca/Si 1 . 108 7 1. 0203 0.5194 
100% 92% 46. 9%. 
Ca/Al 3.3085 3.3714 1.5351 
100% 101. 9% 46.4% 
Ca/Fe 3.0378 2.2809 1. 4108 
100% 75. 1 % 46.4% 
Ca/Si+Al+Fe 0.6521 0.5831 0.3044 
100% 89.4% 46. 7% 
Ca/Mn 40.24 11 .06 30.31 
10oc:; 27. 5'.: 75. 3;; 
Cah1g 14.02 34.29 26.46 
100% 24.:i. 67'. 188.7% 
Ca/Mg+Fe+Mn 2.35 1. 79 1. 28 
100% 76. 2% 54.5% 
Ca/Mn+Mg 10.39 8.36 14. 13 
100% 80.5% 136% 
Ca/:K"a+K 37.94 37. 14 4.84 
100~ 97.9% 12.8% 
TABLE A 19 Boreholes drilled into Garnet Facies Skarn 
Borehole No. Thickness of Skarn 
(metres) 
OT1 0. 16 
2 2.35 
3 2.92 
4 1. 07 
5 2.30 
9 o. 14 
10 1. 63 




17 1. 14 
18 0.97 
19 o. 71 
20 0.31 
21 0. 11 
22 0.2 
23 0.74 

























































0. 73 6.75 
0.48 3.51 






Fig.22 Correlation coefficient between Degree of Skarnification (assuming Constant 
Volume Replacement) and WO~ content of Skarn = +0.54 
Fig.22 Correlation coefficient between Degree of Skarnification (assuming Constant 
Volume Replacement) and CaF 2 content of Skarn = +0.56 
Fig.21 Correlation coefficient between Thickness of Skarn and W03 Content of 
Skarn = +0.55 
Fig.21 Correlation coefficient between Thickness of Skarn and CaF 2 Content of 
Skarn = +0.41 
Fig.23 Correlation coefficient between Combined Marble and Skarn Thickness and 
Degree of Skarnification = +0.07 
Correlation coefficient between Combined Marble and Skarn Thickness and 
W03 content of skarn = +0.31 
Correlation coefficient between Combined Marble and Skarn Thickness and 
CaF2 content of skarn = -0.03 
Fig.20 Correlation coefficient between CaF 2 and W0 3 contents of Skarn = +0.44 
N/A Not Available 
TABLE A (continued) 
Boreholes drilled into Idocrase Facies Skarn 
















Borehole drilled into Transitional Idocrase-Garnet Skarn 
OT15 1. 17 2.46 
Borehole drilled into Transitional Garnet-Pyroxene Skarn 
















Photo 1 View of the Otjua prospect from the OM6 survey beacon (sample 
site OT112) : prominent outcrops arepegmatite. Note Otjua 
granite in foreground 
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Photo 2 Two examples of scheelite-bearing hornfels enclosed by biotite 
schist : note amphibole reaction skarn on contact between hornfels 
and schist in sample No. 24191. Sample No. 24191 is whole rock 
analysis OT132. Sample No. 24192 is whole rock analysis OT133 
(see Table 2) 
Photo 3 
Photo 4 
Scheelite-bearing hornfels (photomicrograph, plane polarized 
light, slide No. OT133) : note high relief of scheelite in 
centre of picture, sphene crystal between the two scheelite 
crystals; pyroxene and scapolite and minor quartz comprise 
remainder of slide; triple point junctions. Field of view 
is 2.5mm 
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Scheelite-bearing hornfels (photomicrograph, crossed polars 
slide No. OT133, same view as photo 3): note highly birefringent 
scapolite and second order colours of scheelite, dark grey 
mineral is quartz. Field of view is 2.5mm 
Photo 5 
Photo 6 




Rossing Formation marble (photomicrograph, crossed polars, slide 
No. P103) : note triple junctions; light grey crystal is a 
plagioclase feldspar. Field of view is 2.5mm 
Photo 7 OT6 borehole intersection : partial replacement of Rossing 
Formation marble by idocrase facies skarn. Note development 





Idocrase facies skarn (photomicrograph, plane polarized light, 
slide No. 24472) : idocrase basal (high relief) overgrowing 
scapolite (pale pink). Top idocrase crystal is a basal section, 
note prominent cleavages (yellow interference colours in photo 
9). Field of view is 2.5mm 
Idocrase facies skarn (photomicrograph, crossed polars, slide 
No. 24472, same view as photo 8). Note first order colours of 







OT17 borehole intersection: partial replacement of Rossing 
Formation marble by garnet facies skarn (see Fig. 63 for 
details of mineralogy). Note development of skarn on (structural) 
footwall side of marble and garnet-rich core zone. 
OT16 borehole intersection: . complete replacement of the Rossing 
Formation marble by garnet facies skarn 
Photo 12 Garnet facies skarn (photomicrograph, plane polarized light, 
slide No. 38995) : sub-idioblastic garnet in fluorite. Field 
of view is 2.Snnn 
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Photo 13 Garnet facies skarn (photomicrograph, plane polarized light, 
slide No. 38988) : xenoblastic garaet and scapolite. Note 
edge of scheelite crystal at bottom right corner. Field of 
view is 2.5mm 
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Photo 14 Garnet facies skarn (photomicrograph, crossed polars, slide No . 
38988, same view as photo 13) : note highly birefringent scapolite, 
first order colours of scheelite . Field of view is 2 . 5mm 
Photo 15 
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Garnet facies skarn (photomicrograph, plane polarized light, 
slide No. 24632) : pyroxene crystals in a groundmass of fluorite 
Photo 16 
Photo 17 
Garnet facies skarn (photomicrograph, plane polarized light, 
slide No. 38988) : scheelite crystal (centre, high relief) 
surrounded by scapolite (low relief) and xenoblastic garnet. 
Note anhedral fluorite (light grey, low relief, prominent 
cleavage, top left). Field of view is 2.5nnn 
Garnet facies skarn (photomicrograph , crossed polars, slide 
No. 38988, same view as photo 16): note high birefringence 
of scapolite. Field of view is 2.5nnn 
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Photo 18 OT14 borehole intersection: transitional garnet - pyroxene facies 
skarn. Note complete replacement of Rossing Formation marble . 
The pink mineral is fluorite 
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Photo 19 Otjua granite (sample locality OT112). Quartz-tourmaline nest 
Photo 20 
Photo 21 
Otjua granite (photomicrograph, crossed polars, slide No. T200) 
myrmekite texture developed on edge of plagioclase feldspar 
(in extinction) where in contact with microcline feldspar. 
Field of view is 2.5mm 
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Fine-grained granite (photomicrograph, crossed polars, slide No. 
T204) : randomly oriented needle-shaped crystals in quartz. 
Field of view is 1nnn 
Photo 22 Tourmaline pegmatite-biotite schist contact : note how contact 
is parallel to the schistosity of the schist and absence of 
baking of the schist 
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Photo 23 Pegmatite prominent banding and shorl-rich zones 
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Photo 24 Pegmatite micrographic texture 
; APR 1S ?, 








